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Note t0 te sturlent 


This book contains a new feature which is a kind o£ bulÌt- 
in “teaching machine”. At the bottom of each page (when- 
ever there is room) is a ““test your understanding” question, 
and on the next page is the answer. To gam the full value 
from these page-by-page questions, the reader should stop 
and answer each one before goïng on or looking at the answer. 
These questions are relativeÌy easy and many o£ them can be 
answered without using paper and pencil. Whenever one of 
these questions is missed, it is probably because the reader 
did not understand fully what he had Just fñnished reading. 
"This is a common problem In the study of physics. Ít can be 
easy to read, but the understanding requires more than 
reading or rote learning—it requires thought, and there 1s no 
easy way to avoid the necessary thought. So IÝ you miss one 
of these questions, let it be a warning that you should not go 
ahead without another reading and thinking through of that 
section. Remember, we become wise only when we are fulÌy 
aware of what we do not understand. 

Further help of this nature can be obtained from the 
Programmed Manual for Students oƒ Fundamental Physics 
also published by John Wiley & Sons, Inc. “This1sa teaching 
machine in the form of a programmed manual which covers 
more thoroughly nearly all the material of the textbook. 
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This second edition is not the kind of revision in which the 
problems are renumbered and the physics brought up to 
date by adding a few pages at the end. It is a serious attempt 
to rewrite the entire book ín order to increase the amount 
of explanation without much increase in subject matter. 
Few new concepts have been added; there are, however, 
many more examples, fñgures, and problems. Over 100 of the 
1llustrations and about 100 of the problems are new. Many 
of the new examples and explanatlons are based on five years 
of feedback from students and teachers. Ôther sources are 
the Programưmned Student Manualand conferences and study 
groups sponsored by the Commission on College Physics. 

A major innovation ïs the thorough and unified treatment 
of quantum mechanics running through Chapters 12 to 16. 
I think of these chapters as a serlous introductory course In 
quantum mechanics at the pre-calculus mathematical level. 
I know of no other introductory physics text at this level 
which develops the concepts and applications of quantum 
mechanics so thoroughly and so quantitatively, and Ï am 
convinced that a surprisng amount of quantum mechanIcs 
can be taught without calculus. Ín most of the situatlons In 
physỉcs in which both calculus and noncalculus explanations 
exist, Ï prefer the noncalculus explanation—even for erudite 
graduate students. The noncalculus explanation usually 
glves more physical insight and is easler to visualìze. 

It has been my experlence that college freshmen can 
master some of the basic concepts of quantum mechanics as 
well as special relativity, and that they derive special enjoy- 
ment and excitement from these subJects. Consequently, 
even more emphasis is placed on quantum mechanics and 
relativity In this revised editlon. Perhaps this 1s the new 
trend—these subjects are now taken seriously in a few of the 
more recent introductory textbooks. But I believe this book 
glves a more “grown-up” quantum mechanical explanation 
of atomic structure, theory of metals, nuclear structure, 
difraction scattering, semiconductors, hybr1dization, lasers, 
radioactivity, etc. Other features of the new edition are a 
quantitative treatment of cosmology and Mach's principle, 
and the relativistic foundation of magnetic force. 

Back in 1960 when the frst edition was published, It was 


considered daring to involve an introduetory course so deeply 
with relativity, quantum mechanics, and its applications to 
atomie, solid state, nuclear, and high energy physics. Other 
imnovations of the frst edition were the format, the use of 
two colors throughout, extensive use of bubble chamber 
photos, quantitative drawings of electron clouds, Gaussian 
units mm electricity, and a “cheat-proof” programmed 
students manual. Since then new books have appeared from 
the high school level on up incorporating some of the above 
innovations. Additional subJect matter pioneering has been 
done in connection with the recent Cal 'Tech and Berkeley 
introductory courses for physics maJors. Ï have found some 
of this new material appropriate for nonseience majors and 
have incorporated it with suitable modifications m this new 
edition. 

A new feature starting with this edition is a kind of bage- 
by-bage built-in teaching machine. Experience with the 
Irogrammed Manual which aceompanies this text has 
pomted out that one ðŸ its majJor advantages 1s to let the 
stuđent know whether or not he really understood what he 
Just got through reading im the text, Ít takes an exceptionally 
wise person to know Just what he does and does not under- 
stand. Students should be urged to answer the questions at 
the bottom of each page as they come to them before looking 
at the answers. 

In this new edition a serilous attempt has been made to 
keep up-to-date with the exponentialÌy increasing advance 
Of sclence. Ï must confess that physics has progressed farther 
mm the last six vears than I had anticipated. “The pace seems to 
increase with time. Take for example the number ofelemen- 
tary particles. When the first edition was completed the 
number of elementary particles had appeared to settle 
down to 30. Butin the past five years the number has ím- 
creased from 30 to about 200 with no end in sight. Fortu- 
nately the newly discovered particles have revealed new 
patterns or symmetrles which make even the orIgimnal 30 
easler to understand. But then recent violations have been 
found of other more cherished symmetries or conservation 
laws which should have been obeyed by the elementary par- 
ticles. These and other new developments such as quasars 
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and lasers have been incorporated into whatever spot in the 
book 1s most appropriate. Even the classical physies in this 
book is “modern”. All the physics is put in the context of 
1966, not 1900 as most books, or 1925 as in some of the so- 
called modern physics books. 

ÏI am grateful to students, teaching assistants, and facuÌty 
at Cornell Ủniversity for much of the new material. Ï wish to 
thank m particular Professors Alan Bearden, Robert Sproull, 
Phl Morrison, and R. Rajaraman. Ï also wish to acknowledge 
stimulating discussions with Professor Matt Sands concern- 
¡ng the new Cal 'Tech course developed by Feynman, Leigh- 
ton, and Sands which cannot help but infuence future 
physics textbook writers. 


‹Jay Oredr 
September 1966 
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jJust what is physical reality? What makes the universe 
tick? What are the “secrets”” of nature? "Phese questions 
exemplify the spirit and motivation of thís book. Ït 1s 
primarily designed for use as a text in a one-year course 
at the college level for students who have had little 
previous training ín mathematics and selenee, but it should 
also be helpful to science maJors learning college physics 
for the first time. 

In this textbook the main emphasis 1s on the first prin- 
ciples or fundamental laws of nature upon which all selence 
is based. This area of study is properly a part of the vast 
collection of topics called physics. Thhus this is another col- 
lege physics textbook, but 1t deals lightly with the topics of 
more applied nature which are traditionally also called 
physics. For example, little will be said about machines, 
rotational dynamics, photometry, optical instruments, a-c 
theory, calorimetry, elasticity, acoustics, etc. By restricting 
the book to “fundamental physics” as opposed to “applied 
physics” there will be fewer topics, with the aceompanying 
advantage that they can now be treated with greater depth. 
The main exception to this rule is Chapter 10 which goes 
deeply enough into electronics to explain the basic princi- 
ples of radio and television in order to give a feelmg for the 
vast technological implications of our understanding of the 
basic laws of nature. This chapter may be skipped by those 
who dislike teaching engineering In a physics course. 

By its very nature, fundamental physics 1s đeeply philo- 
sophical. It is a continual struggle oŸ man”s mind against 
nature, with nature full of shocking surprises to which man 
must then adJust. There Is a temptation to present this 
battle of man”s mỉnd vs. nature to the liberal arts student 
using a philosophical and historical approach. Such an ap- 
proach often makes the mistake of teaching about science 
rather than teaching the sclence I1tself, leaving the student 
without any real understanding of the physical world in 
which he lives. The “educated man” should be exposed to 
both approaches. Ideally he should learn about sclence and 
its relation to the other disciplines in his philosophy 
courses. On the other hand, there is no harm In presenting 
some of thỉs “humanistic approach” in the introductory 
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physlcs course as long as primary emphasis is placed on 
the teaching of the selenee itself. Consequently, this book 
g1Ves some attention to the Impact of selenee on our cul- 
ture. The methods of sclence, the “art”” of sclentific dis- 
covery, the social responsibility of scientists, along with 
philosophical, soecial, and politieal relations of seience to 
our culttire are diseussed, but they play a secondary role 
to presenting the subJect matter of the science itself. The 
excItement and cultural value of the history of physics are 
made se of where appropriate to the maim goail. The acid 
test of whether a student has grasped science itself is 
whether he can successfully solve problems that require 
some thought. My experience with much of the material 
and problems In this book in college courses at Columbia 
and Cornell Universities indicates that it is possible for 
nonsclence liberal arts students to master the fundamental 
prineiples as evideneced by therr ability to apply them in 
problem solving. 

The order oŸ presentation is mainlv đetermined by what 
I feel to be pedagogicaly preferable. This tends toward de- 
velopment of logical sequences. Sometimes the ““modern” 
physics manages to get presented before the “classical” 
and '*preelassical”” versions are điscussed. Usually I have 
attempted to avolid the sequenee: teach a topic according 
to the “old”” physics, tell the student ít is now wrong, then 
try to get the stuđdent to unlearn it and relearn it the new 
way. When a new topic is encountered, the final version is 
usually given first. Then from this viewpoint the student 
can observe and understand more fully the various “old” 
Ideas. Phe sequence of topics was not đetermined by tradi- 
tion, but by the requirements of a rather tỉght logical 
development. For example, the general phenomenon of 
barrier penetration is frst introduced ïín the text in a dis- 
cussion on fñeld emission of electrons from a metal. This 
discussion depends on the previous presentatlons of Fermi 
energy, metallic binding, and potential diagrams, which 
depend m turn on the presentations of electron waves mì a 
box, atomic electron clouds, and electric potential. Going 
back further in the logical chain of development are wave- 
particle duality, wave interference, electricity, energy, 
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mechanics, etc. Hence most of the pages of this book be- 
long to a central chann öŸ logical development. Because of 
the compaet, unified, theoretical structure of physics, my 
chapters do not correspond to the oÌd, compartmentalized 
series of “independent” topics found ïn traditional text- 
books. Ï was unable to tie the chapters up into neat, self- 
contained, airtight packages. To present classical physies 
in such a manner may be easler and more satisfying to 
some, but that just is not the way nature happens to be. Ï 
have attempted to present the true product: the imperfec- 
tions and limitations of present-day physics are openÌy 
admitted. 

I have also tried to face up to the fact that our present- 
đay description of most physical phenomena requires use 
of the quantum theory. With the recent development of 
quantum electrodynamics enormous progress has been 
made in our understanding of the physical world and the 
structure of matter. If at all possible, students at the col- 
lege level should be given a glimpse of our present under- 
standing. Some physics teachers may feel that such topics 
as electron clouds, quantum theory of chemical binding, 
Fermi energy, time dilation, nuclear structure, cosmology, 
and conservation of parity are too difficult and abstract for 
college freshmen. However, it has been my experience in 
teaching thỉs kind of course for the last six years that 
liberal arts students have more trouble in understanding 
Newton's Third Law than they do in understanding Fermi 
energy or charge conJugation invariance. Not only do they 
ñnish the course with a good physical feeling for modern 
physics, but they also express a strong preference for It 
over classical physiïcs. 

In conclusion, I wish to thank my colleagues at Cornell 
for their encouragement and particularly Professors Robert 
Sproull, Phillip Morrison, John DeWire, and Richard 
Feynman for their many helpful suggestions. Many people 
kindly contributed visual material for this book which 
would have been impossible for any one man to produece. 
I have drawn upon the visual material of the Physical 
Science Study Committee of Educational Services, Inc. 
and am grateful to them and Professor Francis Friedman 
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for their help and cooperatlon. Mr. Kim Choy of Cornell 
was of considerable help ín caleculating the hydrogen elec- 
tron clouds and the deuterium nuclear cloud. I am grateful 
to Mr. Franels Schrag and the many other students who 
contributed a great deal to the preliminary edition of this 
textbook while m use at Cornell for the last two years. 

My greatest đebt is to Enrieo Fermi, who not only taught 
me much of the physics I know, but also how to approach 
it, Ás a teacher, Fermi was well known for his great ability 
to make the most điffeult toplics seem beautifully simple 
mm a clear, đirect way with little mathematics, but much 
physIcal insight. The goal I have been aiming at 1s to try 
to present the spirit and excitement of physics in the way 
that Fermi might have done. 


‹Jay Orear 
September 1960 
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1-1 What Is Physics? 


Physies 1s thạt phystcisfs do lafe at nìght 


There is no clear definition of what 1s physics—or which 
topics belong in physics and whích đo not. A study of the 
table of eontents and the mdex to thís book should give an 
idea of some of the topics whích the author believes belong 
to phVSICS. 

One of the goals of phvsies is to find out the “rules” of the 
universe in which we live. Some of these rules have come as 
a shocking surprise to scientists and philosophers. In fact, 
some ö£ the điscoverles were so shocking and so contrary to 
common sense that they were sÏlow to gam acceptance, even 
by Nobel prize winners. For example, Binstem presented the 
theorles öÊ relativity and the photoeleetric effectin 1905, but 
he was not awarded a Nobel prize for the atter untiÌ 1921. He 
never dịd receive a Nobel prize for hs work 1m relatIVItV. 
Apparently some ø£ the old prize winners who help choose 
the new ones found the theory of relativity too radical for 
them. 

By now physicists have become suspiclous oÊ common 
sense and what seems obvious. Common sense is a product of 
man”s mïnd. “There is no reason why Mother Nature should 
oblige. For example, now we even mistrust 2 + 2 = 4 when 
applied to the physical world. We have learned that 20 billion 
centimeters per second plus 20 billion centimeters per second 
1s not 40 billion centimeters per second, bụt it 1s 27.3 billion 
centimeters per secondf We now know that one must add 
veloeities in a way that seems peculiar to common sense. The 
resultant veloclty 1s always less than the sum oŸ 1ts compo- 
nents. If the velocities are small compared to the speed of 
light, the effect 1s stiÌl there, but it 1s a very small efect. Äs an 
example of this, consider a river boat traveling downstream 
at 20 mph (miles per hour) with respect to the water. If the 
water velocity is 10 mph, then the resultant velocity of the 
boat with respect to the shore should be exactly the sum of 
the two or 30 mph. However, accordïng to the laws of physics, 
the veloeity of the boat will be slightly less than the sum of 
the two velocities. The correct answer would then be 
Uooai = 29.9999999999999866 mph. W6 can see why 1t took 
so long to discover this efect. In Chapter 11 we will study 


Eig. 1-1. Boat sailing downstream. In (œ) the boat is 
viewed by a person floating in the water. In (ð) the boat is 
viewed from the shore, 


ĩ Shore ' 
! à» b L . 
{ 
Ị \ 
b — : ° t— * 
1 0wayey = 10 mph mm. - 1Uxyokr = TU TDPH) 
' h 
h 
I 
ị 
Shore 


(b) Same boat ïn stream flowing at 10 mph 


Fig. 1-2. Electron gun shooting beam of electrons through 


holes A and Ö. 
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the law of physics to be used here. Lt is the lBìnstem addition 
ðf velocities which says 


ỦY Tp Mi 
resuHanIl ĐỊU 
s 

1 để #3 

c2 


where e = 670 million mph is the veloeity of light. In our 
example 0 = 10 mph and 0; = 20 mph. We see that for 
everyday practical problems 00z/€2 is so mụch smaller than 
one that the old classical law 


Đresultant = ỦI + U2 


1s quite adequate. 

We shall consider one more example that violates commmon 
sense. In this example 2 + 2 can be zero or, IÝ you prefer, we 
can make 2 + 2 = 8. We shoot a beam of electrons from an 
electron gun at an opaque barrler that has two holes, 4 and 
B,m It. We put a small geiger counter far behind the barrler, 
and we plug up hole Ö. 'Then the counter eounts 2 electrons 
per second. Now we open hole Ö and close hole 4. Again we 
get 2 counts per second. We now open up both holes together. 
Here we get no counts at all! Not only is the whole less than 
the sum of 1ts parts as in the Binstein addition of velocities, 
but here 1t ís even less than either of the parts by itself. If we 
prefer to count 8 electrons per second, we just move the 
gelger counter slightÌy ïn the vertical direction, and we can 
fnd a place where the whole 1s twice as big as the sum of its 
parts. At first encounter all this may appear hard to accept, 
but 1t 1s true, and such phenomena have been observed im 
the laboratory (see Fig. 12-8, page 308). This particular 
phenomenon 1s due to the wave nature of matter. ÏÍn 
Chapter 12 we shal] learn that all particles have certain wave 
properties and that such phenomena then follow naturally. 
Eigure 1-3 shows how the electron waves would look as they 
pass through holes A and Ö together. 

The preceding examples of the river boat and the electron 
beam 1llustrate applications of relativity and quantum 
theory, respectively. Many of the more basic physical 
phenomena are applications of relativity and quantum 
theory. Consequently a significant part of this book must be 
devoted to relativity and quantum theory. 
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TABLE 1-I 


Physical quantity Units 
Area 2 
Volưine L3 
VelocIty Jb//7P 
Acceleration L/T? 
Density M.L3 
Momentum ML/T 
Force ML/T 
Energy 1ML*/T? 


Á Fig. 1-3. A beam of light waves passing through two holes. 
Thịs is what the light imtensity would be at a given instant 
of time. Black eorresponds to zero intensitv. According to 
the modern wave theory of matter, electron waves would be- 
havein a similar fashion. 


I-2 Units 
L,T, and M 


Much oŸ physics deals with measurements of physical 
quantities such as length, time, frequeney, veloeity, area, 
volume, mass, density, charge, temperature, and energy. 
Many oÊ these quantities are interrelated. For example, 
velocity is length đivided by time. Density is mass divided by 
volume, and volume ïs a length times a second length times 
a third length. Most of the physical quantities are related to 
length, time, and mass. Some of these relationships are 
shown in Table 1-1. We will study these physical quantities 
as they appear later in the book. 


Length 

The defñnitions of length, area, and volume are given in 
Euchdean geometry. There are several standard units of 
length in use today, such as the meter, inch, foot, mile, and 
centimeter. Except for the United States and parts of the 
British Commonwealth, nearly all the nations of the world 
now use the metric system. Bven England is now committed 
to changing over to the metric system. Although the English 
system of units Is st1ll the official system in the United States, 
American sclentists use the metric system almost exelusivelÌy. 
In addition to using some Bnglish units, we will make use 
of the metric system throughout this book. 

The meter was originally defned in terms of the distance 
from the north pole to the equator. This distanee is close to 
10,000 kilometers or 107 meters. The standard meter of the 
world 1s the distance between two scratches on a platinum- 
alloy bar that is kept at the International Bureau of Weights 
and Measures in France. However, Mother Nature provides 
us with a unit of length much more accurate than the dis- 
tance between two scratches on a piece of metal. This ¡s the 
wavelength of light from any sharp spectral line. The stand- 
ard meter In France has been calibrated in terms of the num- 
ber of wavelengths of light of a certain spectral line. The 
United States inch is defned in terms of the standard inter- 
national meter so that one ¡inch equals exactly 3.54 centi- 
meters (100 centimeters = I meter). 
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TABLE 1-2 0RDERS 0F MAGNITUDE 0F DISTANCES 


Distances ín 
centimeters 


1025 


1029 


1015 


1019 


105 


TU 


10-19 


10-15 


Distance to farthest photographed galaxy 


Distance to Great Nebula in Andromeda 
(nearest galaxy) 
Radius of our galaxy 


One light year (distance light travels in 
one year) 
Size of solar system 


Distance from carth to sun 
Radius of the sun 


Radius of the earth 


Height of Mt. Everest 
One km or 1$ of a mile 


One m or one yard 


One cm or +; of an inch 

One mm 

Thickness of a halIr 

Diameter of red blood corpuscle 
Wavelength of hight 


Size of organic molecules 
Diameter of hydrogen atom 


Diameter of a uranium nucleus 
IDlameter of an elementary particle 


Other conversions are given in the Appendix at the end of 
the book. In order to solve everyday problems it will often be 
necessary to convert English units into metric units before 
proceeding.* Table 1-2 shows various lengths encountered in 
physics from the smallest (diameter of an elementary 
particle) to the largest (distance to the farthest observed 
galaxy). 


Từnec 

Time 1s a physical concept and thus its defñnition is related 
to certain laws of physics. For example, the laws of physics 
say that to very great accuracy the period of rotation of the 
earth must be constant. “Phis fact can then be used to define 
a baslc unit of time, called the mean solar day. Also the laws 
of physics say that the period of oscillatlon of a vibrating 
slab of crystal in a crystal oscillator should remain constant 
IÝ the temperature and other external conditions are kept 
constant. So an electronic crystal oscillator can be madeInto 
a very accurate clock. The same 1s true of the vibrational fre- 
quency o£ atoms in a molecule. In fact, atomic clocks that 
count up these vibrations are the most accurate o£ all. The 
basic unIt öoŸ time used in both the English and metric sys- 
tems 1s the second which is 


sũ X su X dĩ = ñn 00 


of a mean solar day. (Wb© will use the abbreviation sec for 
second.) Table 1-3 lists varlous time intervals encountered 
im physics from the time ït takes light to travel across an 
elementary particle to the age of the earth. 

VVhen we base a concept such as time on the laws of 
physics, we cannot be sure that these laws are absolutely 
correct. For example, suppose the speed of light 1s sÌowlÌy 
mcreasing with time. Thịis would then cause a change In some 
of our standards of length and time. So far there 1s no eXperi- 
mental evidence that any of the universal physical constants 
are changing with time, but this does not rule out the possi- 
bility of a very slow change beyond the accuracy oŸ present 
measurements. Ín the course of this book we shall see that it 


*We shall use the abbreviations cm for centimeter, m for meter, km for 
kilometer, in. for ch, ft for foot, and mi for miÌe. 
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TABLE 1-3 0RDERS 0F MAGNITUDE 0F TIMES 


Time 
Interval 
Ín Seconds 


1015 


1010 


105 


II 


10719 


10-15 


10-29 


Halflife of U2383—age of the earth 
"Time since frst life on earth 


Age of the human race 
Halflife of plutonium 


Human lifetime 
One year 


One day 
Halflife of the free neutron 


One sec—time between heartbeats 


Time for banJo string to make one vibration 


Halfife of the muon 


Average time for an excited atom to stay 
excited before emitting light 


Time for electron to revolve around proton 
im the hydrogen atom 


Time for proton or neutron to revolve 
once around 1n a nucleus 
Time for light to cross an elementary particle 


IS not trnacommon for a “ sacred” law of physics to be over- 
thrown by new experimental data. We must learn to be open- 
minded about our existing “laws” of physics and be prepared 
to modify them I experimental evidence shouÏd ever appear 
agaInst them. 

If we ask deeper questions concerning the nature of tìme, 
we điscover that physicists and philosophers do not com- 
pletely understand it. Our present understanding of the 
physical world 1s đeep, but not as deep as we would like. The 
question whether we can ever achieve the ulÌtimate truth Is 
an age-old question. Dnfortunately physics 1s not in a posi- 
tion to settle this classlc question. 


Mĩass 

Mass 1s also a physical concept and must be defned in 
terms of certain laws of physics. In Chapter 3 we give the 
modern defnition of mass In terms of the law of conservation 
of momentum. In the metric system the unit of mass was 
origmally deñned as that amount oŸ mass contained in 1 cc 
(cubic centimeter) of water (at a specifed temperature and 
pressure). This amount of mass 1s called the gram. Thus the 
density of water is convenlentÌy one gram per cubic centi- 
meter. In the English system the unit of mass 1s the pound. 
One kilogram (103 grams) = 2.204 pounds of mass.* Table 1-4 
lists some of the masses encountered m physics. 

In physics the quantities such as force and energy are 
usually measured either in meters, kilograms, and seconds, 
or Im centimeters, grams, and seconds. 'Phe former 1s called 
the MKS system of units and the latter the CGS system of 
units. Both of these metrlic systems are referred to in this 
book. When working problems It 1s very Important to convert 
all units to MKS or else all to CGS. /euer use mixed units. 


1-3 Mathematics in Physics 
10“ x 10 = 10%? 


In physlcs quantities can be calculated and measured with 
very great accuracy. Phis quantitative approach requlres 


*WVe shall use the abbreviations gm for gram, kg for kilogram, and Ì]b for 
pound. 
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TABLE I-4 0RDERS 0F MAGNITUDE 0F MASSES 


Mass in 
gram$ 


1039 


1029 


1019 


109 


10-19 


10-29 


10-39 


"The sun 


"he earth 
"The moon 


An oceanliner 


One ton 
One ]b 


1l gm 


Fly's wMg 
Check mark written In pencll 


OI] drop from atomizer 


DNA molecule (main constituent of a 
chromosome) 


Uranium atom 
Proton 


Electron 


familarity with mathematics. Fortunately, many of the 
fundamental prineiples and eoncepts In physics can be well 
understood by using only elementary algebra and geometry. 
This is a consequence of what seems to be a general property 
of the basic laws oÊ nature; namely, the closer we get to the 
truth, the simnmpler the basic laws tend to become, a principlÌe 
the philosophers call Ockam's razor. “The more difficult 
mathematics usually enters when one tries to calculate 
something that is not basic, such as what is called the three- 
body problem (the motion of three mutually imteracting 
bodies). The three-body problem is not basic because it is 
really the superposition of three interrelated two-body prob- 
lems. Several hundred years ago Isaac Newton solved the 
really basic problem—the orbits of two bodies mteracting 
under an Iinverse square force. The two-body problem of 
astronomy can be solved using elementary mathematics (see 
Chapter 4), bụt to do an accurate Job of the three-body prob- 
lem would require an enormous eÌectronie computer. Ín one 
second an electronic computer can do the amount of cal- 
culating that would take one man several weeks to do by 
hand. Although the technology of electronic computers 1s 
siIll m its earÏy stages, electronic computers are now wideÌy 
used in physics, m other forms of basic research, and m 
industry. 

A knowledge of trigonometry, calculus, or higher forms 
of mathematics is not needed for a complete mastery of this 
book. Ơn the other hand, a good working knowledge of cer- 
tam aspects of high school algebra 1s necessary. Many 
students have not worked with algebra for several years by 
the time they take physics In college. Also some of the 
algebra needed for this book is not stressed in many high 
schools. Hence, the mathematically weak reader should 
spend some time reviewing mathematics before proceeding 
with this book. Mathematic problems are provided at the 
end of this chapter for this purpose. The remainder of this 
sectlon 1s a review of the mathematics pertinent to this book. 

The following checklist 1s provided for readers who are 
unsure whether or not they need to review mathematics. 

Check of each of the following mathematical statements 
that are untrue: 
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Q.1: (7 hs ïs the first oƒ sùnpÌe page by page quesfions tohiích 
the reader should be qbÌe to anstcer befOre goỉng on. Anstters 
are qheqays on the reuerse stdÌe oƒ the page.) 


VWhat is the ratio of the largest to smallest đỉịstance in 
Table 1-2? 


1. F1/R = 1/lị + 1/1, then Ö* = ? + lạ 
2. (œ + b)? = d2 + b? 


ở. HÝ the diameter of a cirele is 10% em, then its radius is 
10-†em. 


4. 'Phe radius of the above cirele is 5- ® em, 


6. Tí the short side of a 60° right triangle is 1 em, then the 
hypotenuse is v/⁄3 em. 


7. 4 divided by ‡ ïs 2. 
8. v16øœö — 4ab 


5 1U 
TS. 
SN hp = ng 


11. Suppose ø and ð are negative numbers and b/q 1s 
greater than one, then (œø — ð) 1s negative. 


10 12 _ lQ-qs 
12. TT; =10 


AÁ person who misses more than one of the problems should 
consider hỉmself as too rusty in mathematies to proceed 
without first reviewing and working the problems at the end 
of this chapter. The correct solution to the preceding check- 
list is that each item is untrue. You should now go back and 
calculate the correct answers. The correct answers are gIven 
at the end of this chapter. 


Pouuers öƒ ten 

Most of the quantities encountered in physics are either 
much larger than one, or mụch smaller than one. For con- 
venlence, the standard practice is to write any quantity, no 
matter how large or small, as a number between one and ten 
times the appropriate power of ten. A physicist would write 
the United States national đebt as 3.3 x 101! dollars or 
3. x 105 megabucks. The exponent of 10 tells the number 
of places to shift the decimal poïint to the right. If we must 
write the national debt without powers of ten, then the 
decal poïnt must be shifted 11 places to the right, g1ving 
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Ans. 1: Referring to Table 1-2, the distance to the farthest 
vistble galaxy is about 1027 em and the elementary particle 
diameter 1s about 1013 em. The ratio is 

1027/1013 = 1027+13 — 1019, 


$330,000,000,000. If the exponent is negative, then the 
decimal poïint must be shifted the same number of places to 
the left. For example, the radius of the hydrogen atom is 
5 x 10~®em. When we shift the decimal point 9 places to the 
left, this becomes 0.000000005 em. 

Ín multiplying and dividing numbers expressed ïn this way 
we make use of the relations 102 x< 10° = 10**° and 


lÚẺ — qgc: 
[0 bèo 


Exampie I 

A nuclear reactor converts ] gm of uranium per day nto energy. 
VWhat is its power output in watts? 

Power is energy per unit tỉme, and if we stick to MKS units the 
answer will be Im watts. We can calculate the energy by using Ein- 
stein?s famous mass-energy relation: W = Äfc?, where c ïs the speed 
of light that has the value 3 x 108 m/sec. The equivalence between 
mass and energy 1s studied In Chapters 5 and 1]. 


So pOWer = „ 


where Äƒ = 10-3 kg and £= 60 x 60 x 24 sec = 8.64 x 101 sec. 
When we put in the numbers, 


103 x (3x 10)! 


DOWeFr = watts 
8.64 x 101 
sở 16 
= 10 3 x @ x 101) watts 
8.64 x 101 


The power of ten in the answer wIll be the sum of the exponents In 
the numerator minus the sum o£ the exponents in the denominator. 
"The ñnal exponent is (— 3 + 16) — 4, or 9. Thus 


pOWer = tn x 109 watts 


power = 1.04 x 102 watts 


or about one million kilowatts. Thịis 1s the amount of power con- 
sumed by an average state m the United States. 


Now that we have reviewed the rules for using powers of 
ten, let us see why ‡ of 105 1s neither 10~1 nor 5~5. The num- 
ber 10-1 can be written 


103 UP 3< TJ 


Thus the answer 1071 is of by a factor of 20,000. The other 


Phapter Ì | 1Ũ 


Q.2: What is 10-° divided by 10752 (Work these out in your 
head or on paper before looking at the answer. ] your answer 
1s wrong, do not go on without additional study.) 


common answer that college students give is 5%, which can 
be written 


5= (P) "= TT = 25x 10-8 = 286 xx 10-5 


W see that thịs answer is too large by a factor of 512. The 
COTr©Ct ansWer Is 
30105 2 10 Uo 0U. 
Thịs 1s also equal to 5 < 10-9, 
Sưnulfaneous equdftons 

W should be able to solve two or more simnultaneous equa- 
tions. As an example let us consider three equations which 


appear in Chapter 2 (at this point we need understand only 
the algebra, not the physics). 


1. The formula for centripetal acceleration: 
(7) 


2. The relation between velocity ø and the period 7: 


= _ (1-9) 


3. “The relatlon between period 7'and frequency ƒ: 
Sa h 5 
ƒ= T (1-3) 


Our sample problem 1s to find a formula for centripetal 
acceleration which contains only ƒ and ?#. Starting with 
Eq. 1-1, we see that 0 on the right-hand side ís unwanted. 


We can eliminate 1t by substituting the expression _. forU 


mm Bq. 1-]1: 
cai 
_ T 
= R 
_ 4zø?F : 
- (1-4) 


But now 7” 'isunwanted. We can eliminate it by solving Eq. 1-3 
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/2ðiEt, 41 1S SC J0 


10~? 
10-5 


= 1022 = II 


for 7 and substituting into Eq. 1-4. Equation 1-3 gives 
7 = I/ƒ.Substituting thĩs Into Bq. 1-4 g1ves 


4z°R 
= : = 472 2h 
P= 007580 
FracHonal exponenfs 

The general rule for multiplymg Ä to the ath power by Ÿ 
to the ¿th power Is 


Na »x Nb — Na*+b 

[f we put both a and öð equal to }, we have 
NI 2 » M?—=N 

Thus &M!? = wwW 


Likewise ! 3 1s the cube root of . The quantity 2 3 is 
(2! 3)? or the square of the cube root of Ä. Ít 1s also (NV ?)1⁄3 
oör the cube root of  squared. 


Sig@mtficant flgurecs 
Suppose in an experiment to measure velocity, an objJect Is 
observed to move F0 em in exactÌy 3 sec. 


Then ø = Ũ€HM _— 3 33333 cm/sec 
3 sec 


There Is a problem of how many decimal places to use to 
express +2 as a decimal. The convention is to use at most one 
more đecimal place than the certainty of the result. Thus, If 
the 10 em had been measured to 1⁄4 accuracy, the result 
could be expressed as 0 = 3.33 + 0.03 cm/sec. Since the true 
value of 0 lies somewhere between 3.30 and 3.36 cm/sec, the 
first two 3”s are significant figures and the last decimal place 
1s somewhat uncertain. Ít is poor practice to write the result 
aS 0 — 3 cm/sec or ủ = 3.333 cm/sec. The form 0 = 3.33 
cm /sec is preferred. To use more decimal places would not 
only be superfuous but misleading. We would be claiming 
that our result was better than it realÌy was. 

Suppose the velocity 0 = 3.33 cm/sec 1s to be added to 
another velocity uˆ = 4.51 x 102 cm/sec and that ơ 1s also 
known to 1' accuracy. 
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Q.3: I1f2A —= 112and B8 = 102 are both known to 1° accuraey, 
what is the accuracy of the quantity (A — Ö)? 


U =_ đ.33cm/sec 
Uˆ = 451.00 cm/sec 
U + U = 454.33 cm/sec 


Note that if we quote the answer as 4.5433 »% 10? em/sec we 
are implying that the accuraey of our result is better than one 
part in 101. Since the accuracy of the sum can be no better 
than any of its parts, the result must be written as 
454 ~ 5 cm/sec, or as 4.54 x 102? em/sec, 

With multiplication or division the percehf4ge accuracy 
of the result cannot exceed that of any of its parts. lf one 
quantity has 1 accuraey and another has ty of 1% aceuraey, 
then the produet will have 14 accuraey. 

Unless stated otherwise, quantities in this book will be 
written to LÝ accuracy. The problems should be worked to 
this same accuracy, which can be obtained by using inex- 
pensive pocket sÌlide rules. 

We make one exception to our rule of significant figures, 
and that is the speed of light. It has the value e = 2.9979 x 
10% m„sec. It will occur so often that we will write it simply 
aS 


ở x 108 m/sec or ở x 1019 em/sec 
which Is more accurate than one part in 103. 
Conuersion 0ƒ unifs 
Many caleulations in physics require conversions of units. 


As an example let us convert a velocity of 60 mi hr to meters 
Der second. 


›n mI — *& l mi 
60 7 = 60 x TT 


Now mì place of the quantity (1 mi) substitute its equivalent 
1.61 km. 


mì —_ (1.61 km) 
S9 eàa anime 


: 1km 
= (Ø0) % iLlðJ| s⁄ === 
xi: 2` đi 


In place of (1 km) substitute 10? m and ïn place of (1 hr) 
substItute (60 min). 
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Fig. 1-4. TWwo common right triangles. 


(a) The 45° right trianglc — (b) The 30°-60° right triangle 


Ảns. 3: (1 — H) = (112 — 102) = 10 + 1. 
Both A and Ö have an uncertainty of about +1. The uneer- 
taimty of the result is about 1 part in 10 or 10% accuracy. 


mi _ (103 m) 
/ hr —~ G9 Nho (60 min) 


Now ïn place o£ (1 min) substitute (60 sec). 


sọ mì _ 60 x 1.61 x 103 m 
hr 60 (60 sec) 
= 26.8. 
: sec 
W© see that units may be converted by substitution of 
equivalent quantities. Because any unit has Itselfa numerical 
value, It Is mportant to write out the units explieitÏy as 1n the 
above example. ÀA numerical answer to a physics problem 
must never be given without explieitly writing down the 
units followïing the number. 


Œeomectry 

\WW© should be able to calculate the areas and volumes of 
simple figures such as triangles, rectangles, cireles, cubes, 
cylinders, and spheres. Wb& should be familiar with what are 
called the "“'sealing laws.” As an example consider different- 
sỉzed orange julce cans where the can heiglht is always equal 
to the diameter. In the language of geometry the different 
cans are similar íigures. Suppose a small-sized can costs 10 
cents and a large “double-sized” can (twice as tall) sells for 
50 cents. Many, If not most, housewives would think five of 
the small cans hold more than one “double-sized” can. Such 
a housewife would lose 30 cents each time she bought eight 
small cans. The scaling law states that volumes of simllar 
figures øo as the cube of the linear dimension. The cube of 2 
1s 8, The “double-sized” can holds eight times as mụch as 
one small can. Since areas go as the square of the linear 
đìimension, the ““double-sized” can has four times the surface 
area of the small can. Ône saves money by buyïng the large 
“dđouble-sized”” pizza, provided it costs less than four small 
p1ZzZaS. 

For thĩs book one should also be familiar with the Pythag- 
orean theorem and the two types of triangles shown In 
Fig. 1-4. These are the famous 30°—60° right triangle and the 
45° ripht triangle. The Pythagorean theorem states that 
the square of the hypotenuse of a right triangÌle equals the 
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Q44: In the above graph, where is the car at ý = 10 mỉn and 
what Is its approximate speed? 


sum of the squares of the other two sides. Also one should 
know when two triangles are similar, and that ïn similar 
triangles the corresponding angles are equal and the corres- 
ponding sides are proportional. A useful theorem from 
geometry that will be used occasionally is: i two angles have 
their corresponding sides perpendicular, these two angles 
WwIll be equal. 


l-4 Graphical Representati0ns 


A picture 1s tcorth 101 toords 


We must know how to read and plot graphs. There will be 
Occasions where the only way we can convey information is 
by plotting graphs. Quite often it is easier to visualize what 
Is going on by looking at a graph rather than by looking at 
equations. Figure 1-ð is a graph for us to practice on. Ít rep- 
resents the 20-min history of an automobile trip along a 
straight road where s is the distance from the driver's house 
and £ïs the time elapsed after leaving the house. Let us now 
see how mụch information we can squeeze out of this graph. 

Any point on the curve tells us the value of s for that 
particular value of /. For example, point Pis 3 mi “high” on 
the s-scale and 4 min “along” the /-scale. So we know from 
poit P that the car reached the 3-mi point 4 mì after 
leaving the house. Starting from the beginning ( = 0), we 
see that the car traveled about † mi in the frst minute and 
a total of 1 mi in the fñrst 2 min. Since I mi/min is 60 mph, 
the average speed in the fñrst 2 min is half this, or 30 mph. 
We conclude the driver was not trying for a particularly fast 
start (a fast car can accelerate to 60 mph Im about 12 sec). 
After the second minute the driver kept up a pace of 
1 mi/min which is a steady speed of 60 mph. But at £ = 5ð 
mịn, he made a quick stop in about one-fBfth of a minute, or 
12 sec. Thịs would defnitely require application of the brakes 
(the fastest possible stop from 60 mph takes about 4 see). 
Then the driver stood still for about 3 mm at a distanee of 
about 4 mi from his house. At £= 8 min he starts back 
toward the house m less of a hurry (slower acceleration) than 
at the start. However, 2 min later he is slowly losing speed 
and continues to do so unti] he comes to a stop at £ = 16min. 
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Ans. 4: At —= 10 min, s = 3.7 mi from the driver s house, 
and the driver 1s returning at a rate of 1 mile in 3 min or 20 
mph. 


He coasted about 1 mỉn ïn this loss of speed. We conclude he 
lost engine power (probably ran out of gas). 

You see, the graph tells us everything except why he 
applied his brakes when 4 mi from home, and why he decided 
to turn back. Even on this we can make a good guess. We© 
suspect I1 was because he suddenly realized he was aÌlmost 
out of gas. Note that we have deduced the speed of the car 
from the steepness of the curve. The speed is proportional 
to the steepness or sÌope of the curve. When the curve 1s flat, 
the speed 1s zero. 


1-5  Science and Society 


The ma1n goaÏ 


Almost every advanece ïn our tunderstanding ofthe pÌysical 
world has ultimatecly some kind of practieal apphication. 
However, physicists generally are not too mterested In 
practical applications of their work. Ït is a surprise to many 
that the inevitable benefit of the physicist*s work to man- 
kind is not usually hs main motivation. Physicists are more 
Interested 1m discovering the secrets of nature, Im getting 
closer to physical reality. Whether or not this leads to prac- 
tical applicatlons is of secondary Importanee. 

For example, some selentists have criticized ProJect Apollo 
(the moon project) because It contributes little to baslc 
sclence. To this author, sending a man to the moon 1s more 
pure exploration than pure science, However It is perhabs 
the greatest and most imaginative feat of exploration m the 
history of mankind. For centuries men have dreamed of it. 
Now that we have the technological capability and resources, 
we must achieve this pinnacle im the history of mankind. 
The United States is rich enough to pursue space exploration 
and at the same tỉme to solve 1ts soeclal problems ïf ït should 
so desire. If the expense looks too great, perhaps money 
could be saved by relaxing the pace of the program and by a 
less conservative approach to the degree of safeguards. 
VWould we mind ït if space exploration ever became as risky as 
climbing Mt. Everest? 

To physiclsts our understanding of the world around us 
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1s a valuable goal im itself. Man is the only animal capable of 
suụch understanding. Those who graduate from college suill 
literate im sclence are m this sense part man and part 
animmal. Qur selentific understanding 1s a central part of our 
modern culture and civilization. Those who are intellectually 
alive cannot help but strive to obtain this selentifc under- 
standing. 

A secondary and more eommonÌy expressed reason for the 
study of physics ïs the usefulness an understandng of sclence 
has to a person ]iving m this modern, technological age—the 
aỹe 0Ÿ automation, radiation, nuclear power, space travel, 
missiles, and nuclear bombs. Almost every edition of the 
daily newspaper contains articles that cannot be fully under- 
stood without a knowledge of physics. See the chapter 
opening for a random sample of such articles. Some of them 
are on subJects of vital importance. One wonders whether 
men who have little understanding of sclence are capable of 
inakmg competent policy decisions on such vitaÌ topics. Yet, 
upon these decisions rests the survival of human civilization 
as we know I. 


Anstueters to the quiz on pagc 9. 


lRịR: 
lì + R 
2. (a + b)2 — a° + 2ab + b? 
3and 4. The radius isð x 10~9 em. 
5, Ả CC... B6. 


HH DIMG.Y, BY 


6. Hypotenuse 1s 2 em. 


Ib Jÿ = 


4 
7.—=8 
‡ 
‹ VI8að =4vwab 
, V108 = 10/10 
¡Ụ. 5... 
a+b 
11. (ơ — b) would be positive. 
12, 1” _ 10-5 
10 5 
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Pr0lIlel\S 1. Find the cube root of 68. 


2. Express the recIprocal of GB + 3) as a fraction which contains 


no fractions in the numerator or denominator. 
3. What is 60 mi/hr m ft/sec? 


4. The wavelength of light from a certam spectral line is 
5.981 x 105 em. How many wavelengths of thĩs light are in 1 m? 


ð. If the diameter of a proton is I0 13 cm and its mass is 
1.6 < 10~?1+ gm, what 1s Its density In gm/cm3? 


6. Solve for ma  = 
x +Í 
1 
q lve ft b = 
7. Solve for 8 1— 


8. What ¡is one-fifth of 10~19? What is 10~19 divided by one-fifth? 
9. What is 161⁄2? 


10. Tf there are Wạ = 6.02 x 1023 atoms In 4 gm of helium, what 1s 
the mass of the hellum atom? 


11. A certam brand of soap comes in two s1zes, both of the same 
shape (they are similar ñgures). The large bathsize is 50% longer 
than the small size. How mụuch more soap 1s Im the large bar? 


12. Solve for zìm Ð = v/2as. 


18. "The period of oscillation or time for one vibration ofa crystalin 
a crystal oscillator is 2.5 x 10-8 sec. What 1s the oselllator frequency 
¡in vibratlions per second? 

14. TWwo grams of H; gas contaims Ảo = 6.02 x 10?3 molecules. 
What 1s the mass of the hydrogen atom (there are two atoms in each 
H; molecule)2 


15. ỦUsing the followIing Information, fnd Win terms of e and # only. 


W = ‡mu2 + 


jmẽ 
R 
THỤT — €7 
h  R? 


16. Simplify the following expressions: 


x3 x (4x)? (N?+)2 
(2x1 ` (N9) 


17. Reduce the following fractions: 


q2 =. b2 x2a — x2 
b—a `xe+x?e 
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Prob. 23 


18. Solve for 0: 


19. Find x and y: l êm =: 


20. Subtract (— Ứa) from (— Wo). Give algebralc form of the answer 
and evaluate for the values Wọ = +2 and Ủạ = +7. 
21. The altitude of an equilateral triangle is 5 cm. What 1s the side? 


22. In a certain type of units the mass of the neutron 1s 939.506 and 
that of the proton 1s 938.213. In these same uniIts, what 1s the neutron 
proton mass diference and how many sigmficant figures does It 
contain? 


23. D — 1m,đ= 0.1mm, À = õ x 1075 em. Fỉnd x in centimeters. 


24. An object 100 m away subtends an angle of 1°. How high 1s 142 
(Hmt: 1° is 1/360 of a circle. Thus the obJect 1s 1/860 of the cireum- 
ference of a 100 m circle.) 

25. A certaim highway rises 3 ft for every 100 ft. What 1s the angle of 
the highway from the horizontal? 


26. Find an equation containing z and y but not £ where 

R = ẳ8jj 

y = Uy — }gt? 

27. The speed of sound 1s 1100 ft/sec. What is the wavelength cor- 


responding to a frequeney of 60 cycÌles per sec (how far does the 
sound wave travel in 1/60 of a sec)? 


28. In the following two simultaneous equations #ˆ and # are ex- 
pressed ín terms oŸ x and /. We wish mstead to express x and In 
terms of +ˆ and #. So we must obtan an expression for x not eontaïn- 
¡ng and an expression for not containing +. 


TU dàn Bct 
ï vV1I—#@ 


_—_ €f + fx 
v1I=/E 
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Fig. 2-1. Plot of distance s versus tỉme ý of an object mov- 
¡ng with constant velocity. 


œ 


(_——œ 


2-1  Velocity 


The speedometer regding 


Kmematics 1s the study of motlon. In kinematics we study 
position, veÌocity, and acceleration. We do not speclfy the 
nature of the particle or obJect whose motion is under study, 
nor đo we study the forces which cause the acceleration. In 
spIte of these temporary restrictions we will fñnd ourselves 
almost immediately solving many kimds of practical 
problems. 

In this age of automobiles, velocity 1s a concept obtained 
im childhood. The speedometer reads the instantaneous 
velocity im mph (miles per hour). 


Constant ueÌoctfy 

lfa car is moving with constant velocity, then the distance 
traveled 1s directÌy proportional to the time. For constant 
velocIty 0, 


g= 


where s is the distance covered ïn time ý. In Fig. 2-1 s 1s 
plotted against ý for an obJect moving with uniform veÌoclty. 
If we divide both sides of the above equation by ý we obtain 


lj) = si 1Í 0 1s constant (2-1) 


Instantaneous UeÌocify 

W© shall now proceed to the more general case where the 
velocIty is permitted to change with time. Ủntil we come to 
Section 2-3 the discussion wIll be restricted to the situation 
where the magnitude, but not the direction, of the velocity 
may change. This type of motion in a fxed direction or along 
a stralght line is called one-dimensional motlon. We wIll, 
however, permit a reverse In direction. Then ø wIll be nega- 
tive which means s will be decreasing in value. Strictly 
speaking, we should use the word “speed”” when we are onÌy 
speaking of the magnitude of the velocity and not the đirec- 
tion. In our presentatlon of one-dimensionaÌ motlon, we are 
keepmg track of the direction by permitting the use of 
negative 0. 


từ) 


Instantaneous 0eÌocify 


Eig. 2-2. Car which travels with veloclty 0y for first “half” 
of trip and veloclty 0a for second “half.” 


uy = 20 mph u„ = 60 mph 
=xm~=«e_: =—==.... 7a 


|F—- 30 mi JE= TH 30 mi ————>| 


Q.1: Suppose on a hot summer day the temperature 1s 95°EF 
for 16 hrs and 75°F for 8 hrs. What is the mean temperature 
for that day? 


Suppose a car is accelerating (speeding up or sÌowing 
down). Then Eq. 2-1 will give the wrong answer for the 
“speedometer reading” unless a very small value of s is used. 
Wbc will use the symbol Às to stand for a very small distance, 
and A¿ for the time taken to travel the distance As.* The 
Instantaneous velocity 1s defined to be 


_ Ả&s 


LẠ— NNG: (2-2) 


More correctÌy 


háo | | 
U =lim|=— 
lim| Àứ 
The above equation signifies that ø is the limit of the ratio 
Às/Af as Af approaches zero. Thịis is the mathematically 
rigorous defñnition of instantaneous velocity.† 


Auerage uelocity 

Suppose a car in making a 60-mi trip travels at 20 mph for 
the fñrst 30 mi and at 60 mph for the last 30 mi. We are 
tempted to say that the average velocity would then be 
(20 + 60)/2, or 40 mph. However, this would be unorthodox 
because of the convention that average velocity is defñned 
with respect to time and not with respect to distanee. TÝ /; 
1s the amount of time needed to make the first part of the 
trip (at velocity 0¡) and ứ¿ is the amount of time for the 
second part, then, according to the defñnition of average, the 
average velocity with respect to tỉme is 
5] = UiẾi SP UaÉ› (2-3) 

lì +íứa 


The preceding 1s an example of what ¡is called a weighted 
average. In Eq. 2-3, /¡ and #¿ are the weighting factors. We 
can calculate the average velocity of the car by fñnding ú 


*Here the symbol A is not an algebraic quantity which multiplies s. Ít is 
merely shorthand for a subtraction; namely, As = (s; — s¡) where sạ is the 
distance to the car at time á+ and s; is the distance at time /¿. Similarly, 
A£ = (l¿ — “). 

† Those who know a little calculus will recognize our expression for instan- 
taneous velocity as the defñnition of the derivative of s with respect to ¿ 


~#) 
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and é¿ from the relatlon ý = s/0 that 1s obtained from Ba. 2-1. 
"The result is that í¡ = 30 mi/20 mph = 1.5 hr, and í¿ = 30 
m1/60 mph = 0.5 hr. IÝ we substitute these values into 
la. 2-3, we obtain 


20 x 1.5 + 60 x 0.5 


T5+ 05 mph = 30 mph 


D— 
We then see that the average velocity for this trip is 30 mph 
rather than 40 mph. 

W© can use Eq. 2-3 to derive a sưnple formula for average 
velocity. We© note that the quantity oxi = sạ, the distance 
traveled when at velocity 0¡. Simmilarly, 0s£¿ = s;. Now let us 
substItute sạ for (0¡) and s¿ for (0af¿) Into Eq. 2-3: 


(biÉi) + (022) = (s¡) + (sa) 


D= 
+ ú› hạ +úa 


qUuerdge UeÌociky Ũ Fì (2-4) 
where s is the total distance, and ¿ is the time required to 
cover the total distance s. Thịs formula automatically m- 
cludes all the weighting factors and hence gives the correct 
time average In all Instances no matter how the velocity 
changes with time. We would, of course, get the sarme result 
for three or more mtervals of time. Any changing velÌocity 
may be broken up into many small intervals where the 
veloclty 1s essentially constant over each imterval. We see 
then that Bq. 2-4 is completeÌy general and covers alÌ cases 
of one-dimensional motion. 


hxumple 1 
Suppose that a car traveling at 60 mph can stop In 4 sec after the 
brakes have been Jammed on. We shall assume that im these 4 sec 
the velocity will decrease uniformly in time from 60 mph to 0 mph. 
Thus the average velocity will be 30 mph during the time the brakes 
are on. How much farther will the car travel from the time the brakes 
are Jammed on until it stops? 
Hf Eq. 2-4 is solved for s, we haye 
Ans. 1: The weighting factor for 95° is twice that for 75°; 
hence 


q—=f 


The average veloecity ø 1s 30 mph or 44 ft/sec. Thus 


— Q5 2 h 
HC nụ 
3) ấL || s= 44Íft/sec x 4 sec 
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Q.2: A car is at position sy at a time ¿#¡ and at s¿ at a tíme é¿. 
What ïs its average velocity when goïng from s¡ to sz? 


OF 
§= 176 ft 


Đhould one keep about 170 £t spacing between cars when traveling at 
60 mph? People would be better drivers if they would apply a knowl- 
edge of physics to theïr driving. 


Exampite 2 

A bicyelist 1s traveling In a region that is all hills. His uphill speed 
(magnitude of the velocity) is always 5 mph and his downhill speed 
1s always 20 mph. What is his average speed 1f the uphill stretches 
are the same length as the downhill? 

Let D be the length of the uphill stretches. Then s = 27) is the 
total distance covered, and by la. 2-4 the average speed 1s 


_ 2D 
chà; 


U (2-5) 


In order to solve this problem we must determine ý, the time for the 
trip. 
t=i+'° 


where ¿# is the time spent traveling uphill and á¿ 1s the time spent 
traveling downhill. According to Bq. 2-1 


íú=— and a¿=— 
Lôi }2 
"Thus 
. 
ÙI Ùạ 


Now substitute this expression for £into Bq. 2-5; then 


j7... 
+2) 
ÙỊ UÙạ 
Or 
n= 2U1Ua 
UI + Đa 


Finally, we insert the numerical values 0 = 5 mph and 
Đa = 20 mph: 


5"M......) 


= h =8mph 
LÙ 5 + 20 mp mp 


Note that In solving the above problem, algebralc symbols were 
used until the end. Generally it is a good polcy not to substitute 
the numerical values until the very end. This general procedure of 
first solving a problem algebraically and then substituting numerical 
values will usually save a large amount of arithmetic and reduce the 
chance of making a mistake. 
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unorm qacceleration 


tnstantaneous ơccelerdfion 


Ans. 2: The car travels s = (s¿ — s¡) In a từne (#¿ — Íì); 
henece, 


2-2 Rcceleration 
Speccding up or sioung douun 
By defnition an object 1s moving with uniform accelera- 


tion 1f1ts veloeity 1s unlformly increasing with tỉme: 


Ð — Uọ = GÍ 
sr 


(2-6) 


where (U — 0o) is the increase 1n velocity during a tíme ý. The 
immitlal veloclty at the start of the time interval ý 1s uọ. The 
constant ø 1s defned as the acceleration and has the units of 
length divided by the square of time. In the MKS system, 
acceleration has unIts oŸ m/sec/sec = m/sec2. It can aÌso be 
expressed In em/sec2 or ft/sec?. If the acceleration 1s not uni- 
form, then 

_ ÂU 


"an 


1s the Instantaneous acceleration in the limit of small A¿, 
However, In this chapter we shall limit the discussion to 
examples of uniform acceleration. 


kxampie 3 

An object starts from rest with a uniform acceleration of 
9.80 m/sec?. How long does It take to reach the speed of light which 
1s 3.00 x< 103 m/sec? 

Đolving Bq. 2-6 for ý, we have 


¡_= = 

qa 

sẻ 3.00 x 108 mm/sec 5. . 
9.80 m/sec? 


which 1s almost one year. 


Example 3 ralses the question of a possible defect In 
lq. 2-6. Most of us have already heard that no object can 
ever travel faster than the speed of light. Yet lñq. 2-6 puts no 
limit on the magnitude of 0. The equations presented ïn the 
first five sectlons of this chapter were first discovered by 
Galileo im the early 1600?s and are part of what is called 
classlcal mechanics. However, in 1905 Binsten proposed 
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Q.3: A car starts from rest and reaches a veloclty ủy tì a 
time í¡. What is 1ts average acceleration in terms of 0¡ and ¿¡? 


modifications that become significant only at high veloeities 
near the speed of light. His new theory is called the special 
theory of relativity and has been very thoroughly checked by 
many experiments. In the modern relativity theory the cor- 
rect form for lq. 2-6 for an objJect starting from rest is 


dÍ 


/t+ÍS) 
e 


where c 1s the speed of light and ø is a uniform acceleration 
as measured by an observer on the moving object. We see 
that when the quantity (ø?) becomes much larger than c, the 
denommator approaches (/e)? and then u = ø/(af/e) = e. 
Ôn the other hand, when the quantity (ø#) is much less than 
c, the square root in the denominator is very close to one, and 
then 0 = a to great accuracy. 


LR= 


Sinece the modifications due to relativity are completely in- 
significant when dealing with “ordinary”” velocities, we con- 
clude it is reasonable to continue on with our study of 
classical mechanics using fq. 2-6. The modifications due to 
relativity are discussed in Chapter 11. 


kxample 4 

A driver travelng at 60 mph suddenly notices a stalled truek 
100 ft ahead. He applles his brakes to give the maximum possible 
negative acceleration which happens to be about 16 ft/sec2 (too 
much braking would cause the car to skid and then it would take 
even longer to stop). How long does ¡it take the driver to stop, and 
does he hit the truck? 

To ñnd the time, we must solve q. 3-6 for ¿: 
U — Uo 


l = 
qạ 


where the initial velocity 1s uọ = 88 ft/sec, and the fñnal velocity is 
0=0. Note that the acceleration ø = —16 ft/sec2 is negative m 
sign because 1t opposes the motion. Ïnserting these values gives 


0 — 88ft/sec 2 
=————=55sec 
— 16 ft/sec? 
During thĩs time the average velocity is ø = ‡ of 88 ft, sec and 
s = 
= (44 ft/sec) x 5.5 sec = 342 Ít 


Yes, the driver hits the truck. 
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Eig.2-3. Velocity ö plotted against time ý for an ob]ject mov- 
ing with constant acceleration and starting with veloclty 0o. 


U-~AÄxIs 


t-Axis 


ng. sả. : : 
Ans. 3: .Just as average veÌoclty is ö = _ where sạ is the in- 


1 


crease In distance during từme ¡, so 1s average acceleration 


() == 


LIÁ : ` Ề 3 Ũ 
: where 0 1s the Increase Im velocity during ¿¡. 
1 


If we solve Bq. 2-6 for ö, we obtain 
U = Đọ + dđf (2-7) 


which is plotted In Flig. 2-3. In the time ý, the average velocity 
will be the average height of the line between øạ and ø, which 
1s $(0o + 0). Thus 


)=. (2-8) 


But since the average velocity must also be s// (Bq. 2-4), we 
have 


SĨ Cú ,ốU 
7. 3 
Or 
UọÝ + UÝ 
S=— 
2 


Now we substitute the right-hand side of Eq. 2-7 for ö and 
obtain 


— Đo + (0o + đ)f 
- 9 


S = DU + }‡df2 (2-9) 


'Thịis 1s the distance traveled in time ý for an obJect with uni- 
form acceleratlon øơ. If the obJect starts from rest, then 
s = }#Ê®. 

The derivation of Eq. 2-9 was first made by Galileo. Con- 
trary to the accepted doctrine of that time, he observed that, 
neglecting air resistance, all bodies fall with the same 
acceleratlon toward the center of the earth (see Fig. 2-4). 
This particular value of acceleratlon 1s 9.8 m/sec? or 
32 ft/sec?, and is denoted by the special symbol ø. Galileo 
condueted careful and fairly accurate experiments to check 
that the distance should be proportlonal to the square of the 
time. He measured elapsed từme by collecting water fowIng 
from a small pipe In the bottom of a large vessel. 'This device 
was simmilar to an hour glass, except that water was used In 
place of sand. He found that a ball rolling down an mmclined 
plane resulted in a collection of twice as much water when 
1t rolled four times as far; that 1s, In twice the tìme, 1t traveÌs 
four times as far which agrees with Ea. 2-9. 
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<4 Fig. 2-4. Stroboscopic photograph of two freely faHing 
balls of unequal mass. Such a strobe photograph is taken 
by opening up the camera lens and flashing the light every 
thirtieth of a second. Note that the small mass hits the 
foor at the same time as the heavy mass. Both balls were 
released simultaneously. (Courtesy Physical Science Study 
Committee of Educational Services, Ĩnc.) 


Example ð 

A bad tourist drops a stone from the rim of Grand Canyon.” 
Ignoring aïr resistance, how long does 1t take before the stone hits 
bottom? 'The canyon is 5000 ft deep. 

In this problem we know s and ø and we wish to fñnd /. Equation 
2-9 expressed a relatlonsbip between s, ø, and / that corresponds to 
this situation of uniform acceleration m a straight line. Putting 
Đọ = 0and a = ø, we obtain 


s= 1ø? 

Solvimng for £: 

2= 2S 
8 

j= lỆ (2-10) 
Về 


Now that we have the algebraic solution for £ in terms of known 
quantities, we msert the numerical values s = 5000 ft and 
Øø= 32 ft/sec? and obtaIn 


t= HỘ = 17.6sec 
32 


Exampte 6 

A boy throws a ball straight up 64 ft and catches it when 1t comes 
down. For how long is the ball m the alr? 

This problem can be sừnplifed by observing that the time the 
baÌÌ spends going up is the same as the time it spends falling. This Is 
because the change in velocity or acceleration is the same In both 
cases, and in both cases the ball has zero velocIty when at maximum 
height. Thus a motion picture of a bal] falling from a height of 64 ft 
when run backwards will appear to have the same motion as a ball 
thrown upward to a height of 64 ft. The tìme It takes to fall 64 ft 1s 
Immediately obtained from Edq. 2-10: 


— sa 
N/ 

D— / 128 sec = 2.0 sec 
Vv 32 


The total tìme spent In the air is twice this amount, or 4 sec. 


*He is a bad tourist because he threw a stone of a cliỂ. It might hit someone 
below. 
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In the above problem what is the acceleratlon of the ball 
when at Its highest poïnt? The Immediate reaction of many 
1s to say zero. It 1s true that at that Instant of time the 
velocity is zero, but that does not mean the acceleration also 
has to be zero. In fact, the velocity 1s continuously decreasing. 
At the Instant of zero velocIty, the velocIty 1s Im the process 
of changing from a positive to a negative value and Its rate 
of change 1s stillø = —32 ft/sec?. 


kxample 7 

A certain type of rocket is capable of reaching escape velocIty 
(u= 11 km/sec) after traveling 200 km. As we shall show In 
Chapter 5, this is the veloclty necessary to escape from the In- 
fluence of the earth's gravity. Assuming its acceleration is uniform, 
what would be the numerical value of its acceleration? 

In this problem we are given 0u and s and we wish to fnd ø. We 
would like a formula relating s, 0, and a. Since we have no such 
formula, we can at least start by writing down the defnition of ø 
(Eq. 2-6). 


n2 


( 
But now the right-hand side contains another unknown, ý. However, 
perhaps we can determine ý by finding an equation contaming £and 
the known quantities s and 0u. Equation 2-4 suits this purpose 1Ÿ we 
note that the average velocity of the rocket in time ý is 0/2 (see 
E4q. 2-8). Thus ö = 0/2, which must also be s/¿. 


SN sói 
24 L2 
Or 
‡= 2s = 400 co = 36.4 sec 
U 11 


If we substitute this value In the formula for ø, we obtaIn 


3 
q= : = =“=...ố = 302 m/sec2 


"This 1s thirty-one tìmes the acceleration of a falling body. It is con- 
ventional to refer to this as an acceleration of 31g. This is too high 
an acceleration for astronauts to endure durimng blastoff. 


Example 7 was more difficult than the previous ones m 
that 1€ required solving for an auxilary quantity £ before the 
required quantity ø could be evaluated. Mathematically 
speaking 1t was necessary to use two siImultaneous equations 
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Q4: At time / a car at position s¡ has velocity 0; and 1s sÌow- 
¡ng down with constant acceleration of magnitude ø. What is 
1ts position sz at a time z2? 


that contained two unknowns, ø and £. Many problems In 
physics are of such a nature that auxiliary quantitles must 
be found or eliminated. The procedure of selecting the best 
equations and quantities to work with often Iinvolves trial 
and error. In thỉs respect solving physles problems 1s analo- 
gous to working crossword puzzles. 

To save time in problem solving, we wlll now đerive an 
equation relating the quantities s, ø, and ø. For an objJect 
starting with initial velocity 0o and undergoing uniform 
acceleration, the average velocity 1s 

Ủo +} 0 _ $ 
2 là 

Also 
U — Uọ = dÍ 


We can eliminate the unwanted quantity / by multiplying 
these two equations together. We obtam 


(—$?)x@ s) =Š xat 
2 f 
U2 — Uọ2 = 20s (2-11) 
ExampÌe 8 
In Example 4, with what velocity does the car hit the truck? 
As before, 0 = 88 ft/sec,œø = — 16 ft/sec?, and the distance to the 


truck ¡is s = 100 ft. We solve Eq. 2-11 for ø and Insert these values 
Vto? + 2as = v(88)2 + 2(— 16)(100) = 67.4 ft/sec 
46 mph 


b 


We see that the first 100 ft of braking does not accomplish as much 
as the next 100 ft. 


Examp‡e 9 

Consider a sky-diver Jumping out o£an arrplane. He will accelerate 
im free fall unti] air resistance causes him to reach a terminal velocity 
of about 140 mph or 200 ft/sec (at this velocity the force of alr re- 
sistance on a human body is just strong enough to cancel out the 
force due to gravity). Suppose the parachute did not open, but the 
sky-diver was lucky to be over a soft snow bank which sÌows him 
down with constant acceleration. Assume he will survive If the 
acceleration is less than 30g. How deep must the snow be? 

In this problem uo = 200 ft/sec, the final velocity 1s ø = 0, and 
the acceleration is ø = —30ø = —960 ft/sec?. We solve lq. 2-11 for 
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Eig. 9-5. Position of ball dropped from plane at successive 
tìme intervals. It falls the distance s¡ in the frst time 1nter- 
val. 


Ans.4: Using Eq. 2-9, the distance covered (sạ — #¡)ïn a time 


(f2 — fạ) 1S (Sa — SỊ) = Địi(fa2 — ft) + ‡(—g)( — 8h). 
acceleration 1s (— ø) because the car 1s slowing down. 


The 


s and Insert these values: 


h2  — 2 
tê U 0o? = 0 200 ft 
2a 2(—960) 


s= 2Ift 


Actually there have been eases of mountain climbers falling thou- 
sands of feet im free fall and landing on soft snow who have lived 
through it. Perhaps with a properly designed suit, sky divers would 
not need. parachutes, but could arrest themselves by plunging 20 ft 
or more into water. 


2-3 Compound Motion 


Vertical and hortzontdl, separate and together 


Tf an airplane passenger drops an obJect, he sees 1t fall ver- 
tically with acceleration ø untll it hits the foor of the plane. 
Now suppose there was a hole in the floor. Then the airplane 
passenger would see the object continue falling In a vertical 
path directly beneath the plane (see Fig. 2-5). (Actually the 
object would eventually lag behind the plane due to ar 
resistance.) What would an observer on the ground see? If 
o 1s the height of the airpÌane, and y the height of the falling 
obJect, the ground observer would see the distance (yọ — y) 
Increasing according to the square of the time where s in 
lq. 2-9 corresponds to (yọ — y). Hence 


(3o — y) = 3P 
OF 


y = ?o — }g? (2-12) 


Now let x be the horizontal distance of the obJect from the 
imitial line joining the airplane and ground (x 1s distance from 
line ÓY in Fig. 2-5). If we ignore air resistance, the distance 
of the airplane, and thus of the object, from this vertical 
line wIll be 


X = tu (2-18) 


where 0ø is the velocity of the plane or the Imitlal velocity of 
the object as seen from the ground. 'The equation for the path 
of the falling object as viewed from the ground can be ob- 
tained by solving this equation for £ and substituting into 
Bq. 2-12: 
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Eig. 2-6. Strobe photograph of two golf balls released 
simultaneously. At the time of release the right-hand ball 
was given a horizontal Immitial velocity by means of a spring. 
(Courtesy Physical Sclence Study Committee.) 


2 
y=*o — ‡g LẺ) 
Uọ 


y=ÿ#o— n +2 

Those familiar with analytical geometry will recognize 
this as the equatlon of a parabola. The path of a falling ball 
gIven an Initial horizontal velocity 1s shown in Fig. 2-6. 

Galileo was the first to show that the trajectorles 0Ý pro- 
Jectlles are parabolas (ignoring air resistance). He noted that 
the horlzontal and vertical motions could be considered as 
independent. Because there is no source of acceleration in the 
horizontal direction, the horizontal distanece is given by 


+ = (0o), 


where (0o); 1s the initial velocity in the +-direction. The 
vertical đisplacerment is always given by Eq. 2-12; or, If there 
1s an Initial vertical veloeity (0o)„, the expresslon would be 


y = #o + (0o), — }øgP2 


Exampte 10 

A bomber is fying at a height of 30,000 ft and velocity 600 mph. 
lgnoring aïr resistance, how many feet in advance of the target must 
the bombardier release the bomb? 

One way to solve this problem would be frst to ñnd how long it 
takes the bomb to reach the target. We can fnd / using Eq. 2-10 
where s = 3 x 10t. 


5g 8x 101 
— — Đ 0005 Da = 43.3 sec 


Vẽ 32 
The horizontal distance traveled is 


# = Uạọ = 880 ft/sec x 43.3 sec 
+ = 38,100 ft = 7.2 mi 


2-4  Veclors 


Mathemafics 0ƒ arroLUS 


Now that we are discussing motion in two dimensions 
rather than one dimension, it ïs Inportant to recognize that 
velocity 1s what we call a vector. A vector has both magni- 
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Fig. 2-7. A displacement Âs and its x- and y-components tude and direction. A velocity is not completely specified un- 
Âx and Ay. less we know both its magnitude and direction. It is often 
useful to consider the x- and y-components of a velocity. The 
x- and y-components, 0; and ơ„, are related to the total 
velocity 0 by the relatilon 


Uz2 + Uy? = U2 


Thịs 1s seen m Fig. 2-7. Here an object moves from P¡ to Ð; 
m a time A/. The distances Ax and Ay are the x- and y-com- 
ponents of the displacement As. By the Pythagorean 
theorem 


(Az)? + (Ay)? = (As)? 
By dividing both sides by (A£)2, we obtain: 


(š} +(šJ - 


Uy? -E 0 = U2 


OF 


Addition oƒ 0uectors 


Figure 2-7 also mdicates a simple geometrical rule for 
fñnding the resultant velocity. We put the tail of u„ on the 
head of u;. The resultant veloclty 1s obtained by Joming the 

Eig. 2-8. The x- and y-components of vector v. tail of 0; to the head of u„ as shown In Flg. 2-8. Because any 
resultant displacement 1s the sum of the separate displace- 
ments, this geometrical rule can be generalized to add 
velocitles pointing ín arbitrary directions. This general rule 
for addmg vectors is called the polygon rule and 1s1llustrated 
in Fig. 2-9. In this case we wïsh to fnd the vector sum 


VỀ =VI na V2 V5 


The rule is to place the tail of each successive vector on the 
head of the preceding vector. 'Phe resultant 1s then gIiven by 


Fig. 2-9. How to obtain the sum of three vectors using the Joming the mmtial tai with the fñnal head as shown in 
polygon rule of vector addition. V = Vị + Va + Va. Fig. 2-9. 
bà ~ SubtracHon 0ƒ Uecfors 
v r Ƒ 9 
"— “ kề) Tô Suppose we wanted to fnd the vector vˆ = va — Vị using 
Ấ the same vs and vị mm Flg. 2-9. We note that subtraction 1s 


v algebraically equivalent to the addition of a negative 
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". vạ 
xấI 


x (—vh) 


Vˆ=vVv2—VỊ 


Fig. 2-11. Pinding the x and y components oŸ vector vạ. 


quantity; that 1s, 
VỀ=Vvaạ+(—Vn) 


and the negative vector (—vVị) is Just the same as vị, but 
pointing in the opposite direction (see Fig. 2-10). 


Components 

In addition to the polygon rule of addition of vectors, 
there is a second method which is called addition by com- 
ponents. To use this method we must find the x- and 
y-components of each vector. For example, the x- and 
y-components of the vector v¿ in Eig. 2-9 are obtained by 
redrawing 0; pointing out from the origin of our coordinate 
system. Now drop perpendiculars from the tip of the vector 
to the axes. Where these perpendiculars hit the axes 
measures of the x- and y-components of the vector. We see 
in Fig. 2-11 that (0s); = +5 units and (0s)„== —2unIts. 

The sum V = Vị + V¿ạ + V¿ is obtained by first sunming 
the x-components together which then gIves us the x-com- 
ponent oŸ 0: 


Uy = (DI); + (02)¿ + (D3); 
Simllarly, 


Uy = (D1)y + (D2)y + (D3), 


The resultant vector v is formed by adding v„ and v„ as done 
in Fig. 2-8. 

Many of the quantities used ín physics are vectors and 
thus must be added ïn this way. Of the quantities studied 
so far, displacement, velocity, and acceleration are vectors. 


Exampte II 

As shown ïn Eig. 2-12, a ferryboat is salling 30° west of north at 
12 mph with respect to the water. The stream is fiowing 6 mph due 
east. As viewed from the shore, what is the direction of traveÌ and 
speed of the ferrvboat? 

W©e must form the vector addition 


, 
V boạt — Vboat + Vwater 


"This addition is shown ïn Fig. 2-12ð and results in a 30°-60° right 
triangle. The resultant velocity (heavy red vector) is pointing due 
north and its magnitude is given by the Pythagorean theorem: 
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Eig. 2-12. Ferryboat crossing stream. 


shore 
M |6 mph 
© N Vwater 
XÃ | 
⁄ pm ———— 
30° | 
E——— 
| 
shore 
(a) 
ta ter 
6 
N v boaL 
boat | 
.63 
12 
(b) 


Eig. 2-13. Path of a projectile fred at an angle of 45°. 
Initial velocIty 1s Vọ. 


Uboat = U hoat — ĐÊwater 
Ưgoạt = 122 — 62 mph 
= 6v3mph 
= 10.4 mph 


Hence we have the result that according to vector addition (12 + 6) 
can equal 10.4. 


2-5 Projectile Motion” 
MMihtary appÌicalions 


We shall ñrst consider the case of a cannon fired at an 
angle of 45° from the hor1zontal as shown In Flg. 2-13. We will 
assume the projectile velocIty 1s øo = I km/sec as It leaves 
the cannon and we wiÌl ignore air resistance. We wish to de- 
termine how long the proJectile ïs in fight, how high 1t goes, 
and how far it goes (what the range 1s of this cannon). Wb 
shall solve this problem by considering the horizontal and 
vertical motlons separately. For a 45° angle, (0o); = (Do)„ = 
0o/v⁄2 = 707 m/sec. First let us consider the vertical motion. 
According to Eq. 2-7 


Đụ = (Do)y„ — £t 


where the acceleratlon is œ = —ø. The mmus sign means 
that the acceleration slows down a positive velÌocIty. 

Now solve this equation for , noting that when the pro- 
Jectile reaches Its maximum helght, „ = 0: 


P — (Do)y — Uy _ 707 — 9 
~ øØ — 9.8 


fị; = 72sec 


SeC 


where #¡ 1s the tìme required to reach maxImum height. The 
total time of travel wIll be twice thỉs or 144 sec. Let us call 
the maximum height » and the maxinum horizontal dis- 
tance ?#?. Since the average vertical velocIty 1s the đistance ở 
divided by 72 sec; that 1s, 0y = h/; and also 0y = ‡(Do)y 
(see bq. 2-8), we have 


# `. 


*'This section may be omitted Tf desired. 


Chapter 2 | 36 


—--Ä-~—ẽ=—= 


Q.5: The best sports cars can accelerate up to 60 mph from 
rest in about 10 sec. What is this acceleration compared to #2 


- (6o)yl) _ TÚ? x 72 
h= 5 = 5 m 


The range # Is Immediately obtained from the equation 


# = (ba)zf 

R = (0o); x 144 sec 
R = 707 x 144m 
R = 102km 


With a 45° firing It is Interesting to note that the range ?£ is 
exactly four tinmes the maxinum helight àh. If the cannon had 
been fired at an arbitrary angle Ø, then (0s); would be 
Uọ cos Ø and (uạ)„ would be øạ sin Ø. It can be shown by using 
sinple trigonometry that the range 1s maxinum when the 
firing angle 1s 45°. These early military applilcatlons of 
physIcs were first worked out by Galileo. 

We shall now apply our knowledge of proJectile motlon to 
a more up-to-date problem—that of the mtercontinental 
ballistic missile (TICBM). Let us conslider a typical ICBM 
with maximum range of 5000 mi or 8000 km. Assume that the 
ICBM §s fired at your city from a distanece of 5000 mĩ and that 
1t 1s first detected at Its halfway poIint. How much warning 
tìme wIll you have? How fast wIll the missile be traveling 
when detected? With what velocity will it strike Its target? 
What will be Its maximum height? 'To solve this problem we 
must make some approximations. We shall assume that the 
earth is flat over this 5000 mi distance. We shall assume that 
ø Es the same at all heights and we shall ignore alr resistanee. 

W© know the ICBM entered the stratosphere at an angle 
of 45° because It was fired at its maxinum range. Thus our 
initial Information ïs that (0a); = (0o)„ f = 8000 km, and 1ts 
vertical acceleration is ø = 9.8 m/sec?. From this meager 
imformation we shall supply answers to all the precedIng 
questions. Let us start with the equation for vertlcal motion: 


Uy = (Uo), — &t 
Let í¡ stand for the time to reach maxiưnum helight. At 
ft = h, 0y = 0 and we have 


U= (Đo) = øh 
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`. 88 fL/see GEN 
Ans. 5: đ= ==- CÔ c=8.8 ft/sec? which is about 
lñ 10 sec 
+ ofg. The ultimate limit no matter how powerful the engine 
1s the point where the tires lose traction. Thịs oceurs when 


(1 =2 


or 
‡ = (Uo)„ 
§ 
In the above equatlon replace (0o)„ by (oo);, which has the 


same value. Then 


lì = (Dạ)z 


8 


We can find (0o); by noting that the hor1zontal veloeIty 1s ?# 
divided by 2/¡, the total time of the trip. We now substitute 
the quantity #/2/ for (0o); in the preceding equation: 


me (R/2H) 
' l=- 
£ 
: R 
¡n8 =6 
1 ĐP 
¬ Đ 1U. 
= ÔÐ 
t¡ = 639 sec 


Our result for the warning time 1s about 10$ min. The 
veloclty at maxImum height 1s the total horlzontal distance 
divided by the total time for the trip: 


"=="== < 8000 


==—= —h = 6.26 km/ 
2, 5x 639 m/sec = 6 Im/sec 


The final veloeity wIll have the same value as bọ, which is \/2 
times as much as (0o)„;. Thus 

Đo = 1.41 x 6.26 km/sec = 8.85 km/sec = 5.5 mi/sec. 

"The maximum height 2 divided by ¿¡ 1s the average vertIcal 
velocIty which 1s ‡(0o)y: 


ệ = ‡(Do)y 


ˆC (Do)„#1 
Lưng 2 


But (0a)„ has the same value as (0o)„, which 1s 6.26 km/sec. 
"Thus 


— 6.96 x 639 


¿ 2 


km = 2000 km 
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Fig. 2-14. IWwo successive positlons of an obJect moving 
uniformly in a circle are shown In (ø). The vector Âv = 
Va — Vị is obtained in (ð). 


Xẵ 
 .. 
4s—= Lệ 
b VY. 
: ` hi n 
/ là ——— 
/ / ==`ú| 
R : : 
1 / / 
r4. / 
/ “R; 
/ /Ự 
Ụ / 
/ / 
/ LÀ 
úy / 
(a4) OW (b) Q“ 


Q.6: Is it ever possible for an object to move in a curved path 
without accelerating? 


which 1s exactÌy one-fourth the range, as was also the case 
with the cannon fired at 45°. Despite the approximations 
made, the above calculation gIves good agreement with the 
data we read about modlern ICBM3%. For a 5000-mm ICBM 
the total travel time is about 20 min and the required 
veloeity 0o = 5.5 mi/see is comparable to the veloelty of an 
earth satellite. 


2-6 Centripetal Acceleration 


Perpendicular accelerafIon 


In projectile motion the acceleration ø 1s perpendicular to 
the velocity at the tỉme the proJectile reaches Its maximum 
height. As seen in the previous section, the proJectile 1s then 
moving ín a curved path. In this section we shall study the 
special case where the acceleration 1s ơezys perpendicular 
to the velocity. First we shal]l show that 1ƒ an obJect is moving 
uniformly mm a circle, then 1ts acceleration 1s always perpen- 
dicular to its velocity and thus points toward the center of 
the circle (the radius is perpendicular to the veloeity because 
the velocity 1s tangent to the circle). 

Figure 2-14œ shows two successive positions of an objeet 
moving uniformly in a circle. Let A be the từne required to 
move the distance As between these two positlons. In thịs 
tìme the veloeity direction has changed from Vị to Vạ. 

To calculate the acceleration Àv/%, we must first deter- 
miïne Àv, the change in velocity during the time A¿. The vec- 
tor Âv is the vector đifference va — vị. Thịis 1s obtained In 
Fig. 2-14ð by adding the vector (—vị) to vạ. The veetor 
(—vi) is the same as vị, but pointing 1m the opposite 
direction. 


Âv = v¿ + (—Vì) 


= Vệ = Vị 


The calculation 1s completed by noting that the triangle n 
Fig. 2-14b with sides Av, vị, and vs is similar to the triangle in 
Fig. 2-14œ with corresponding sides Às, #‹, and #;. The 
triangles are similar because they are both isosceles and the 
sides Vị and v„ are mutually perpendicular to the sides #¡ 
and #;; henee the angles labeled Ø are equal. Smece the cor- 
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centripetdl acceleration 


Ans. 6: No, because the direction of velocity is changig and 
the vector vị cannot possibly equal vạ. 


respondmg sides of similar triangles are proportlonal, we 
have 


AU 


KUS 
"mm: 


Tf we divide both sides by A¿, we obtam 


ÂU __  (As 
#=+x(#) 


In the limit of small A/, the two successive positlons In 


Fig. 2-14 will be much closer and (#) will equal ø. Hence 


Ấf 


NÂU - ƯC 
"=. 


The quantity (%) 1s the magnitude of the acceleration and 


Af 
1s called the centripetal acceleration œ.. Centripetal accelera- 
tion occurs whenever an obJect 1s moving im a curved path. 
We see from the above equation that the formula for cen- 
tripetaÌ acceleratlon 1s 


U2 


922g 2 


(2-14) 
We note that centripetal acceleration gives rise only to a 
change In the direction of the velocity vector, whereas the 
magnitude of the velocity remains unchanged. Also note that 
the direction of ø, is pomting toward the center of the cirele. 
(In Fig. 2-14ö, Au will poïnt closer to the center of the eircle as 
the two successIve positlons are made cÌoser.) 

For those familiar with the term “centrifugal force” we 
wish to poimt out that this term wIll never enter mto our 
discussions. Centrifugal force Is what 1s called a fictitious 
force which only occurs when the observer 1s m a rotating 
frame of reference. We will always observe rotating objects 
from the outside; we wIll never sit Iinside them. 


Exampie 12 
What is the centripetal acceleration of an object on the earth's 
equator due to the earth”s rotation? An object on the earth”s equator 


Chapter 2 | 40 


Eig. 2-15. Full-scale model of Sputnik Í on display in 
Moscow. (Courtesy Sovfoto.) 


gegetsðl 9408108 


travels the cireumference of the earth (40,000 km) im one day 
(8.64 »⁄ 101 sec). Its velocity is then 
4 x 10m 


SỐ 1a so, 
P = 56 x 102see Thiện? 


According to Bq. 2-14 it must have an acceleration ø2/# pointing 
toward the center of the earth (/* = 6360 km). 


=.....-- 
°ˆ PR_ 6.36 x 108 


= 0.034 m/sec? 


m/sec2 


'Thịs is 0.34% of g = 9.8 m/sec?. Because of this fact, as we shall see 
im the next chapter, people near the equator should weigh about 
0.34% less than when near either pole. Ít is easier to do a 4 min mile 
on the equator than on the North Pole. 


2-] Earth Satellites 
Fast “bullets” 


Why doesn't an earth satellite “fall” toward the earth 
with an acceleration ø = 9.8 m/sec? as do all other objects 
near the surface of the earth? Actually this is exactly what 
happens. A low-fying earth satellite is continuously falling 
toward the earth with the gravitational acceleration ø. IÝit 
đĩd not fall toward the earth; that is, IÍ It were not under the 
infuenee of gravity, it would continue on unaccelerated in a 
straight-line tangent to the earth. To an observer on earth 
underneath the satellite, it would then appear to be moving 
up. According to Eq. 2-14 any object moving in a circle 
around the earth must have an acceleration ø, = 0^/ pomt- 
ing toward the center of the earth. An earth satellite orbiting 
near the earths surface can be correctÌy considered as a 
freely falling body with constant acceleration œ, = 9.8 
m/sec?. We can now calculate the velocity and period of 
Sputnik I (see Fig. 2-15). The special name circular velocity, 
0, 1s given to this velocity needed to put a satellite into orbit. 
Since the centripetal acceleration has the value ø, 


where #, = 6500 km is the distance to the center of the 
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Eig. 2-16. Launching of Explorer I, fñrst United States 
earth satellite, January 31, 1958. (Courtesy U. S. Army.) 


Eig. 2-17. Proposal by Isaac Newton for an earth satellite. 


tị 


—. 


NỔ 
E= ` 


—= 


earth. Thus 
Uc = vgR. 
= +/9.8 x 6.5 x 105 m/sec 


=8km/sec or 5mi/sec 


Thĩs 1s the velocity achieved by Sputnik Ï and Explorer ] 
(see Fig. 2-16). The time 1t takes a “low-fyIng” earth satellite 
to circle the earth is the crcumference of the earth divided 
by 0: 


_ 40,000 km 


= = 500 = ] 
8n /eo 5000 sec = 83 min 


Đatellites m higher orbits wIÌ] take longer to circle the earth. 

Isaac Newton back around 1660 was the frst to make the 
above calculations. Figure 2-I7 shows a drawing of an earth 
satellite orbit made by Newton himself. He discussed the 
firng of a big cannon from a high mountam top. IÝ a muzzle 
velocity of 5 m1/sec could ever be achieved, he predicted the 
cannon ball would circle the earth as shown. Thịis drawing 
also shows the cannon ball path for smaller, more obtainable, 
muzzle velocitiles. We can see that the Idea for an earth 
satellite 1s not a recent one. It has been a foremost dream n 
the minds of sclentists since the time of Newton. 

What would happen If we gave the projectile a bit too 
much velocity? Phis can be seen by solving Hạ. 2-14 for #: 


jï. (2-15) 


Now ứ. must still be ø, since all obJects, no matter how fast 
they are moving, experlence the same gravitational accelera- 
tion as long as they are near the surface of the earth. So let 


) : ä 
us substitute ø = _ for ø„1n lq. 2-15 wIth the result: 
€ 


neớẻ cS.. 


W© see from this equation that 1Ý ø 1s 10 too high, then 


(} = 1.21 and ?# will be 21° greater than the radius of the 
U, 
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Fig. 2-18. The start of two possible satellite orbits. The sat- 
ellite with veloecity ø, cireles about the center of the earth. 
The satellite with a greater veloclty  starts out having an 
orbit of greater radius of curvature. #. 


Start 


Q.7: An earth satellite cannot be im a stable orbit unless 
0U = v/@R.. TYue or false? 


carth. Remember, # is the radius of curvature of the path of 
the projectile at the time when Its velocity 1s 0 and accelera- 
tion is ø. Thí situation is illustrated in Fig. 2-18. Such a 
projectile will start moving away from the earth. After 
traveling for a while, its velocity will have a component 
pointing away from the center of the earth. Hence there will 
be a component of the acceleration due to gravity pointing 
opposite to the direction of motion with the consequence 
that ø will be redueced so that the projectile wIll eventually 
“fall back”' toward the earth. As discussed in Chapter 4, the 
exact path will be an ellipse with one focus at the center of 
the earth. 


2-8 Checking of Units 


An ounce oƒ preUenfIon..... 


In working problems or in tryỉng to check formulas, 1t 1s 
very useful to check units on both sides of the equation. lfan 
error has been made, it wïll usually show up by giving a dif- 
ferent set of units on the right-hand side from that on the 
left-hand side. For example, let us check the formula 
0 = \/3asin the CGS system. The nnits on the left-hand side 
are cm/sec. lf we correctÌy use acceleration In em/sec?, then 
the units on the right-hand side are 


2 
units = . K3 »< (Jin) = toa = 
⁄ sec 


sec? 
Because the factor v⁄2 on the right-hand side is a pure num- 
ber and does not contam any units, we cannot check it by this 
method. 


Example 13 

A student remembers that the formula for the distance covered 
by a falling body is either s = ‡œf or s = ‡ø°. How can he make the 
correct cholce by checking units? 

For sake of variety let us assume he is working m Bnglish units. 
"Then 


units of (œ£) = (>) » (sec) = Ít/sec 
sec? 
and 


unIts of (g£2) = (= ft z) % (SeC)? — ÍÈ 
sSe c? 
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Pr0lleIns 


Ans. 7: The satellite im Fig. 2-18 has a considerably higher 
velocity and ïs still in a stable orbit. At present there are 
about 1000 ob]ects (inecluding the moon) in stable orbit about 
the earth, and none of them would have ø exœc£fiy equal to 
veR.. 


W© see that only the latter expression has the correct units for the 
distanee s. 


kxampile 14 

Centripetal acceleration can be expressed in terms of the radius # 
and the period 7' (time to make one revolution). Check the units of 
the following expressions to determine which 1s the correct com- 
bmatTon of 7'and #: (a) 7?/R,(b) 72PR,(c) R/T?. 


(a) Units of (2) = sec? 
R cm 


(b) Units of (72) = (sec?) x (em) 


, R cm 
e) Ủnits of () = 
te) T2 sec2 
We note that thịs last expression has the correct units for ø,. Aetually 
the correct formula contains a numerical factor 4z?. The correct 
formula is therefore 


The above formula can be derived directly by noting that the 
veloelty 0 is the cireumference of the circle (2z#) divided by the 
period 7. We substitute 0 = 2z/T'into Eq. 2-14 and obtain 


OT 


1. Equations 2-1 and 2-4 both have the same quantity s// on the 
right-hand side; yet these are quite diferent equations. Bxplain. 


2. An object starts from rest with uniform acceleration. In terms 
of s and ý its instantaneous velocity will then be ò = 2s.. Derive 
this formula. 


3. lim Problem 2, 0 = 2s/, how 1s this compatible with Eq. 2-1 
which says that 0 = s/f? 

4. Suppose the object In Problem 2 starts out with initial veloeitv 
0ọ. Derive a formula for 0 in terms 0Ý 0ạ, s, and ¿. 


5. A car starts from s = 0and reaches s = 80 ft in 4 sec as shown in 
the figure. 
(a) How far dịd it go m the first 3 sec? 
(b) What was the Instantaneous veloecitv at £ = 1 sec? 
(c) What was the average velocity for the first 4 sec? 
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(d) What was the average velocity for the first 3 sec? 
(e) At point A there is a sudden change in sÌope. Would this be 
possible for a real car? 


6. Ata time í¡,a body has a position xị and a velocity 0. At a later 
time é¿ it has a position xạ and a velocity 0a. 
(a) What is its average velocity in terms of these quantities (do 
not assume uniform acceleration)? 
(b) What Is its average acceleratilon? 


7. The engine ofa certain rocket can exert a thrust or force exactÌy 
equal to the weight of the rocket. What will be the acceleration of 
the rocket when fired along a horizontal, frictionless track? What 
would be the acceleration when fired verticalÌy from the surface of 
the earth? 


8. At what point m 1ts path does a projectile have its minimum 
velocity? 


9. A car travels a distance sạ at veloclty 0u; and s; at veloclty 0a. 
What Is the “average” velocity with respect to đistưnce? (Now sị 
and s; are the weighting factors.) 


10. A boy throws a bal] straight up in the air and catches it (at the 
same height from which he threw it) 2 sec later. How fast was the 
ball movmg when 1t left his hand? How hỉph dịd the ball rise above 
the poimt from which it was thrown? 


11. On a trIp along a straight road, an automobile travels 10 mi at 
the constant speed of 30 mph and another 10 mi at the constant 
speed of 60 mph. What is the average speed for the entire trip? 


12. In order to get into orbit an astronaut has to accelerate from 
zero veloclty during the time 7' to the orbital velocity of 8 km/sec. 
Let us assume that his acceleration durïing this take-off period is 4ø. 
How long does it take the rocket to reach orbital veloeity and how 
far does 1t travel during this time? 


18. A body moving with a velocity of 10 m/sec Is uniformly de- 
celerated, coming to rest In a distance oŸ 20 m. What is its decelera- 
tion? How long a time was required for the body to come to rest? 


14. The vector C equals (A +B; A —B; B_— A; neither). The 
vector Z2 equals (X + Y; X — Y; Y — X; neither). 


1ã. A right fielder 1s 200 ft from home plate. jJust at the time he 
throws the bal] in to home plate, a runner leaves third base and takes 
3.5 sec to reach home plate. If the maximum height reached by the 
bal] was 64 ft, did the runner make It to home pÌate m time? 


16. An earth satellite has an orbit 330 mi high. A super-powerful 
cannon is pointed vertically in an efort to shoot down the satellite. 
Assume the acceleration due to gravity 1s constant (32 ft/sec?) and 
ignore air resistance. What must be the muzzle velocity for the 
cannon shell to Just barely reach the satellite? How long would 1t 
take the shell to reach the satellite? 
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17. A steel ball 1s bouncing up and down on a steel pÌate with a 
period of oscillation of 1 sec. How high does it bounee? 


18. A 60 mph car crashes into a solid wall. Thịs is the same impact 
as 1f1t had been dropped from what height? 


19. Suppose the above car had a head-on collision with a heavy truck 
also traveling at 60 mph. Assume that during the collision the truck 
1s not slowed down. Now what is the equivalent height from which 
the car is dropped? 


20. Assume that for comfortable Jetplane travel the Jet should not 
have a horizontal acceleration greater than 2ø. If the distance from 
New York to Philadelphia is 100 mi, what is the fastest trip that 
could be made under these conditions for this “super-jet” to take off 
from New York and land in Philadelphia? What would be the 
maximum velocity durmg the trip? 


21. A ball is dropped from a height of 64 ft to a flat surface and 
bounces to a height of 16 ft. What is the velocity of the ball just be- 
fore 1t touches the surface? How mụuch time elapses from the Instant 
the ball is dropped to its arrival at the top of1ts bounce? What is the 
velocity of the ball Just after it leaves the surface? 


22. A certain United States Army rocket can obtain a velocity of 
600 mph by the time It reaches 1000 ft. How many từmes Ø 1s Its 
acceleratlon? 


23. Assume an antimissle has l min warning time to intercept an 
Incommg missile at a height of 200 km. TỶ its rocket motors can 
suppÌy a maximum acceleration of 10ø and it is fñred straight up, 1s 
the 1 min warning time adequate? 


24. Consider an airplane whose cruising speed ¡s 200 mph with re- 
spect to the am. It has a scheduled round trip flight between two 
points 4 and Ö, separated by 400 mi. Neglect the time to start, stop, 
and turn around. 
(a) How much time wïll the romnd trip fight take on a calm day? 
(b) How mụuch time will 1t take on a day when a 50 mph wind 1s 
blownmg from to A? 
(c)_ How much time will it take 1f 1t is a 50 raph crosswind? 


25. A boy drops a stone from a window 100 ft above the ground. 
Another boy drops a stone from a window 64 ft above the ground at 
the instant the first stone falls past him. 

(a) With what velocities wIll the stones hit the ground? 

(b) How much time wIl] there be between the instants at which 

the two stones hit the ground? 


26. An obJect starting from rest has a uniform acceleration of ø for 
one year. According to relativistic mechanics what is ¡its fñinal 
veloeity? If it accelerates for ten vears, how close will it get to the 
speed of light? 


27. TÝ the distance from the earth to the moon 1s 240,000 mĩ, what 1s 
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Prob. 29 


100 m/see 


© 
" 


Prob. 30 


—10 Ƒ- ft/sec2 


Prob. 33 


the centripetal acceleration o£ the moon im is orbit around the 
earth? 


28. An earth satellite which 1s sixty tirmes closer to the center of the 
earth than the moon has a centripetal acceleration how many times 
greater than that of the moon? Would you say that the centripetal 
accelerations vary inversely as the square of the đdistance from the 
earth's center? 
29. Consider a proJjectile fred at 30° from the horizontal. The ver- 
tical cormponent of the initial velocity 1s 100 m/sec. Ïgnore alr re- 
sistance, 

(a) What is the imitial velocIty? 

(b) Let 7' be the total time of flight. What is 0„ at £ = ‡7'? What 

1s the acceleration at thịs imstant of tưme? 

(c) Whatis ơ„ just before £ = 7'? 

(d) What is 0„ at £ = +7? 


30. A partiele starts from rest and undergoes accelerations as plotted 
in the fgure for the frst four sec. 

(a) Plota graph of velocity versus time for this particle. 

(b) Plot a graph of distance versus time. 

(c)_ What will be its maximum velocity during the 4 sec? 

(d) How far will it go m the 4 sec? 


31. A stream is fiowing 5 mph due west. With respect to the water 
a ferryboat is sailing 30° east of north at 10 mph. What are the 
velocity and direction of the ferryboat as observed from the shore? 


32. What is the average temperature with respect to time in a 24-hr 
period If from midnight to 10 A.M. the temperature increases uni- 
formly from 30° to 60”, from 10 A.M. to 4 P.M. the temperature re- 
mains at 60°, and from 4 P.M. to midnight the temperature drops 
uniformly to 40°? 
33. An apparatus ¡is designed to study insects at an acceleration of 
100g. The apparatus consists of a 10 em rod with insect containers 
at either end. The rod is rotated about Its center. 

(a) What will be the insect velocity when at 100g? 

(b) What will be the number of revolutions per second? 


34. Assume the Project Apollo rocket ¡is coasting mì a circular orbit 
around the moon. If the radius of its orbit is } the radius of the earth 
and the gravitational acceleration due to the moon is ø/12 where 
ø = 980 cm/sec?, what 1s the velocity compared to that of a low- 
flying earth satellite? That is, what is the ratio of this lunar orbital 
velocity to that of an earth satellite circling close to the earth? 
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IlainIlcs 


UllaII†er h: 


JVIIaIlts 


1st lau 


2nd lau 


3rd lau 


3-1 Newtons Laws of Motion 


A generadl description 


Dynamics is a study of certain general relatlons that 
describe the Interactions of materlal bodies. We wIll find that 
a large class of phenomena can be described or explained m 
terms of Newton”s laws of motion. Ône generaÌ property of 
a material body is its inertial mass. Another new concept 
useful in describing Interactions o£ materlal bodies 1s force. 
These two concepts, inertlal mass and force, were frst de- 
fñned in a quantitative manner by Isaac Newton. (In this 
book the terms mass and inertial mass have the same mean- 
¡ng and are used 1nterchangeably.) The defnitions of mass 
and force are contained in Newton”s description of his three 
laws of motion. We shall ñrst brieffy state these laws and then 
discuss them along with the definitions of mass and force. 


Neuton Ss first Ìqu0 

A body remains in a stafe 0ƒ resf or constan£ ueÌoci‡y (zero 
acceleration) tnhen leƒt to tiselƒ (the net force acting on tÍ 1s 
zero). Mathematically this says 


a—0 when E¡¿¿ = 0 


Neufton”s second lau 
The net force on œ body is the product oƒ the mass 0ƒ the 
body fimes rfs accelerafion. 


JẦ n == AJ@t (3-1) 


Neuton”s third lau0 

Wheneuer tuuo bodies rnfteract, the ƒorce on the first body 
due to the second is equal and opposite to the ƒforce on the 
secondl dụe to the first. 


Fụ duetoB = — Ep due to 4 (3-2) 


EFirst, let us discuss Newton's first law. We see that 
mathematically ït is a speclal case of the more general second 
law. One reason for an explicit statement of this special case 
1s that 1t seems at first to be contrary to common everyday 
experience. We observe that moving obJects when not beIng 


30 


pushed or pulled usually come to rest rather than continuing 
on with constant velocity. For example, an automobile will 
come to rest when the motor is turned of. If we are to believe 
Newton”s first law, there must be a retarding force on the 
coasting automobile. Actually it is the external forees of air 
resistance and push of the road against the tires that act on 
the car and give it negative acceleration until it comes to rest. 
An automobile, or any object, coasting in free space would 
not come to rest. Unti about the time of Newton the 
accepted scientiñc dogma was based on the old teachings of 
Anstotle. A basic principle in Aristotle's scheme of things 
was that all obJects must come to rest in the absence of 
external forces. Another of his teachings was that objJects fall 
at rates proportlonal to their weights. Galileo, as we have 
seen, was one of the first to criticize these two assertions of 
Anistotle. 

One fñnaÌ point must be made concerning Newton's first 
law. Obviously, the fñrst law appears to be violated If the 
observer himself is accelerating. Newton specifed that the 
three laws of motion are valid only when the observer is in 
what he called an inertial system. Newton defined an inertial 
system as any system that is not accelerating with respect to 
the fixed stars. Actually ït is not as simple as one might think 
to find an mertial frame of reference; it requires knowledge 
of the structure of the universe (cosmology). The problem of 
finding Inertial frames of reference is điscussed in đetail m 
Chapter 11. 

The careful reader might be disturbed by Newton's second 
law because it uses two new quantities, force and mass, 
neither o£ which have been rigorously defined. However, the 
combination o£ Newton's second and third laws uniquely 
defñnes both mass and force. 

In this book we shall defne inertial mass using a more 
modern equivalent of Newton's third law, the law of con- 
servation oŸ momentum. We now know that Newton's third 
law 1s not correct, gross violations of it having been observed. 
Wb© shall see ín the chapter on relativity that signals cannot 
travel faster than the speed of light. For this reason, New- 
tons third law cannot apply to force acting at a distance; 
otherwise forces could be used to transmit signals with 
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đefinifion 0ƒ momentum 


CO'SerUqdfIoï' Oƒ mOrnentum 


Infñnite velocity. One simple example of a violation 1s that 
of a charged particle moving away from a wire carrying a 
current. As we shall see in Chapter 8, the wire exerts a 
magnetic force on the charged particle, while at the same 
time the net force on the wire due to the particle is exactly 
zero. This is contrary to Newton”s third law which says the 
two forces should have the same magnitude. On the other 
hand; Newtons third law 1s still correct for obJects at rest 
and for contact forces. As far as we know, the law of con- 
servation of momentum 1s an exact law of nature. No viola- 
tions of it have ever been found and 1t has been thoroughly 
checked by all kimds of experiments. 

Actually Newton”s laws can be derIved from the laws of 
conservation of momentum and energy, or vice versa. Which 
one should be regarded as the basie law 1s a matter of taste. 
Furthermore, with the use of higher mathematics 1t can be 
shown that the laws of conservation of momentum and 
energy follow from the symmetry principles of homogeneity 
of space and time. By homogeneity of space, we mean the 
laws of physics are the same at alÌ positions in space. Homo- 
genelty in time means that the laws of physics do not change 
with time. 

Before we can continue with the discussion of Newton”s 
laws, we must frst define Inertial mass, and this we do by 
making use of the law of conservation of momentum. 


34-2 The Conservation of Momentum 


A sacred Ìqi0 0ƒ ngture 


The momentum P of an object 1s defined as the produet 
of the mass of the object times its velocity. 


P=Mv (3-3) 


The law of conservatlon of momentum states that m the 
absence of any external forces, the sum of the momenta of 


two particles remains constant. For example, IÝ two partieles 
Mĩ; and ÄMĩ; collide, then 


xạ + Pg= Đụ + Pg 
QOr 
Mva + MMpgVp = Muvr + 4MpVvgˆ (3-4) 
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Eig. 3-1. Collision of two billiard balls of equal mass. Ball  second) was obtained through the courtesy of the Physical 
B was mitialÌy at rest. Ball A entered from the top and was  Science Study Committee. 
defected to the right. 'This strobe picture (flash rate 30 per 


Fig. 3-2. Successive collisions of a proton against other ture was taken by the liquid hydrogen bubble chamber 
protons initially at rest. Proton 4 enters the top and first  group at the Lawrence Radiation Laboratory, University of 
collides with proton Ö. Protons ÖØ, €, Ù, and # were mi- California. In a bubble chamber moving protons will pro- 
tially at rest as hydrogen nuclel in liquid hydrogen. This pic-  duce tracks of tiny bubblea. 
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where v„ and vzg are the velocItles of masses Mf; and Äíg be- 
fore the collision, and vạ“ and vzý are the velocitles after the 
collision. Á billiard ball example 1s shown mm Fig. 3-1. The law 
1s completely general—-as shown 1n Flg. 3-2, it holds for ele- 
mentary particles as well as billiard balls. Note that the 
velocitles are vectors 1n q. 3-4; hence they need not ben 
the same direction. 

Let us frst consider the simplest possible applieatlon— 
where two obJects are mitially at rest as shown 1n Flg. 3-3; 
that 1s, 0 = uy = 0. Then we let these two objects have an 
mteraction by releasing a spring or making a smalÌ explosion 
between them. Ideally the mass of the spring should be very 
small compared to Ä¿¡ or Míg. Since the initial momentum is 
zero, the left-hand side of Eq. 3-4 1s zero and we have 


0 = Mụvi + Mavg 
OF 
MpVvg = —M va 


where the minus sign telÌls us that the vectors are parallel, 
but pointing in opposite directions. In terms of the magnI- 
cudes of the vectors 


MpgUg = MUA 
(914 
UẠ 
jcM..3 
Un 


where 04 and 0z are the magnitudes of the vector velÌoeities. 

W© now have an operatlional procedure for defning mass. 
Let ÄM¿ be a known standard mass. It eould be the standard 
1 kg platinum-alloy cylinder that is preserved in Franee. 
Then any unknown mass ÄMƒz can be determined by putting 
Mu and ÄMíg together with a spring between them and observ- 
¡ng the ratio of the fñinal velocities. We see that by simple 
measurements of the ratio of final velocIties, the Inertial 
mass of any body can be determined. 

It would seem that the law of eonservation ofmomentum 
tells us that the ratio of final velocitles 1s ndependent of the 
strength of the spring. Actually this is not quite true. IÝ we 
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Lai Spring 


*Œ3) €XĐ 


Eig. 3-3. Strobe picture of two unequal masses being 
pushed apart by spring. Ball A is twice the mass of ball Ö. 
(Courtesy Physical Sclence Study Committee.) 


Q.1: Á billiard ball of velocity vạ m the x-direction collides 
with two others. Write an equation relating the y-components 
of the final velocities vị, vé, and vẹ. 


©O@-= 


could find a super-strong spring that would give velocitles 
comparable to the speed of light, we would find instead that 
the quantity 


VAN. 
(& 


would be mmdependent of the strength of the spring. Thịs 
experimmental fact along with Hq. 3-4 forces us to conclude 
that the mass of an obJeet 1s actualÌy 


=——¬— (3-6) 


where ÄñÍọ 1s its mass when at rest and e is the veloeity of 
light. Until Chapter L1 we shall make the very good approxi- 
mation that mass 1s a constant Independent of velocity. In 
these early chapters we will alwavs be dealing with velocities 
much less than 1% the speed of hHght. Bven at 1% of the speed 
of light Eq. 3-6 tells us that the mass Increases by just one 
part in 20,000. 

Another experinental consequence of the definition of 
mass contained In Eq. 3-5 1s that masses are additive. By this 
we mean that If two masses 3z and Ä« are joined together, 
then a sImilar determination of the combined mass Äfp will 
numerically equal the sum of the separate determinations 
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Fig.3-4. Recoll velocity of rifle 1s such that the sum ofrifle 
mmomentum plus bullet momentum ïs zero. 


(œ) Rife before firing 
I 
j 


(b) Rifle after firing 


-_”==mm= 


§ 


Ans. Í: According to conservation of momentum the y-com- 
ponent of momentum wiÌ] remain equal to zero. Henee 


0 = (vA9, Sr (V#)y SE (Vvc)y 


Äp and Míc. Additivity of mass may seem obvious to the 
reader, but obvious or not, all speculations about nature 
must be checked by experiment. 'There are common physical 
quantities that are not additive. One example is the mag- 
nitudes of vectors; another 1s the addition of volumes. Tf 1 qt 
of aleohol is added to 1 qt of water, a combined volume 
noticeably less than 2 qt is obtained. 

Before going on to the definition of force and discussion of 
Newton”s second law, the wIdespread usefulness of the law 
of conservation of momentum ïs illustrated in the following 
examples. 


kxampie I 

As shown In Fỉg. 3-4a 3-kg rifle shoots 10-gm bullets with a muzzle 
velocity of 600 m/sec. lf the gun is not held fñrmly against the 
shoulder, what 1s the recoïl velocity of the rifle before It hits the 
shoulder? Initially the mormentum of the gun plus the bullet 1s zero. 
Hence, according to the law of conservation of momentum the 
algebralc sum of the ñnal gun momentum and bullet momentum 
must be zero. 


Mu, + Ä,uy' = 0 


where Ä⁄¿ø¿' is the gun momentum and Ä⁄;u;' the bullet momentum 
after firing. 


lâm Mu — h 10(6 x 101 em/sec) 
y2) n- 3 x 103 
0 = — 200 cm/Ssec 


The minus siợn Indicates that the gun recolls in the opposite direc- 
tion from that of the bullet. 


kxuampie 2 

Eighty per cent of the mass of a 20-ton (20,000 kg) rocket is fuel. 
lf this fuel is ejected as exhaust gases with an average velocIty of 
1 km/sec wIth respect to the ground, what will be the fñnal veloeity 
of the rocket? Ignore gravity and air resistance. Thịis example 1s 
analogous to the preceding one. Here the recoilng rocket cor- 
responds to the recoiling gun. Bach molecule of exhaust gas can be 
thought of as a tiny bullet shot out of the rocket. The totaÌ momen- 
tum of the exhaust gas is the mass of the fuel Ä⁄¿ times the average 
gas velocity ø/ (see Fig. 3-5). As in the preceding example the total 
imitial momentum is 2ero. Hence the sum of the two final momenta 
must also be zero. 


JP1/ dù J8 = () 
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Fig. 3-5. Rocket after firing. Exhaust gases moving with 
average veloeity ø/ to the left and empty rocket moving 
with veloelty ơ;' to the right. 


, 
Mẹ 


Fig. 3-6. (z) Before nosecone 1s released. (ö) Velocitles after 
a spring pushes nosecone and rocket motor apart. 


(a) 8000 m/sec 


799.99 m/sec — 8000.5 m/sec 


(0) m.-: 


Q.2: If a rocket 1s fired from rest, could the exhaust gases 
have an average velocity of zero? 


or 
Muự + MÍ,uy = 0 


where 3; 1s the mass of the empty rocket, and ¿ is its final velocity. 
Solving for 0,', we have 


 ... 
Ni ế. 


mỉ 
S 
lI 


Since the mass of fuel is four times that of the empty rocket and 
U/ = 1 km/sec, we have 

U; = —4(1 km/sec) 
OF 

Uy; = —4 km/sec 


The minus sign means that the rocket moves in the direction 
opposite to 1ts exhaust gases. 


We see that the final veloeity of a rocket can be made as 
large as desired by making the mass ratio of fuel to empty 
rocket correspondingly large. However, the fact that the 
rocket shell must be strong enough to hoÌd the fuel sets an 
upper limmit on the ratio Äf¿/M,/ We can get around thịs 
structural limitation by using multistage rockets. In the 
above problem suppose part of Äƒ, contains a second stage. 
Assume that 80% of the mass of this second stage 1s also fuel. 
Then this second stage can acquire an additional 0; of 
4 km/sec. The final velocity of the empty second stage will 
then be 8 km/sec, which is the veloeity necessary to go into 
orbIt around the earth. 


Exampie 3 

As shown In Flg. 3-6 the third stage of a rocket consists of a 500 kg 
rocket motor and a 10 kg nosecone wIth a compressed spring between 
the two. When tested on the ground the spring gave the nosecone a 
veloclty of 51 em/sec relative to the rocket motor. If the nosecone 
Is released when the third stage is in orbit with velocity 
ọ = 8 km/sec, what will be the velocitles of the nosecone and rocket 
motor2 

Let Ä¿ = 500 kg be the rocket motor and Äƒg = 10 kg be the 
nosecone. The ImItial nmomentum 1s (Äƒ¿ + Ä⁄ƒg)uọ. According to the 
conservation oŸ momentum 


Mtux' + Äpug' = (Mu + ÄÍg)Uo 
AIlso we know from the ground test that 0z — 0x = 0.51 m/sec, or 


ĐA“ = Ug — 0.51 m/sec 
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Fig. 3-7. Cue ball A strikes target ball Ø. 


Vv ` 


Ans.2: No. Ifso, the momentum of the rocket would be equal 
to 1ts imitial value of zero. 


Substituting this im the momentum equation g1ves 
Ma(0g' — 0.51 m/sec) + ÄNpbw = (Mụ + Ms)0o 


Mỹ 
'= ————x0ãI 
Up Đọ + iTE.TfE »x m/sec 


Ugˆ = 8000.5 m/sec 
U¿/ = (8000.5 — .51) m/sec 
= 7999.99 m/sec 


We see that the spring imparts an additional veloclty of 0.5 m/sec to 
the nosecone. The rocket motor 1s slowed down by 0.01 m/sec. 


Example 4 

Show that m an elastic billard-ball collision involving balls of 
equal mass, the cue ba]l and the target ball will have a 90° angle be- 
tween them after the collision; that 1s, in Fig. 3-1 the vectors v„/ and 
vp' must be at right angles. By elastic, we mean that the magnitude 
of the relative velocity after the collision 1s the same as it was before 
the collision. 

We must show that the angle Ø in Flg. 3-7ơ 1s 90°. According to 
Eq. 3-4 vạ = và + vz/. We form thís vector sun Im Fig. 3-7ö. The 
relative velocity 1s (va — vz) which was v„ before the collision. After 
the colÏision, 1t 1sVe = Và“ — Vg as shown in Flg. 3-7e. Note that the 
angle between sides 0x“ and 0z' is the original angle đ. Since the 
collision 1s elastic, 0c = ”x, and the three sides of the triangle m 
Eig. 3-7c equal the three sides of the triangle in Eig. 3-7, with the 
consequence that the two corresponding angles (180° — Ø} and Ø are 
equal: 


Ø = (180? — 0) 
Hence 2Ø — 180° 

0 = 90° 
3-3 Force 


The push and puÏÏ oƒ physics 


Now that we have a preclse definition of mass and momen- 
tum, we can use Newtons second law to defne foree. 
Actually, Newton”s original statement of this law was not 
 = Ma, but that the forcee on a mass Äƒ 1s the rate of change 
of momentum with respeect to time of that mass: 
`. _— (MU) 


Tân DING/— Ny (3-7) 


where ẤP 1s the change of momentum of mass Äƒ m a short 
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Q.3: If a body is not at rest, the net force on 1t must not be 
zero. True or false? 


tỉme 3/. At ordinary velocities (much less than the speed of 
light), the mass Ä can be treated as a constant and factored 
out, Then 


- M -ÔU 
ˆ' Su 


OF 


FƑ'— Ma 


since Âø/A/ 1s the defnition of acceleration. OÝ course, 
Newton did not know that mass mcreases with veloclty 
according to Eq. 3-6; he thought that mass times accelera- 
tion must always be mathematically equivalent to rate of 
change of momentum with respect to time. According to 
modern relativistic mechanics the original defñnition of force 
(Eq. 3-7) is correct and the form #' = Ma is a very accurate 
approximation when dealing with ordinary velocitles. We 
shall proceed to use the approximation #'= Ma as we con- 
tinue on with our study of classical mechanlics. The study of 
relativistic mechanics is deferred until Chapter 11. Ït 1s 
worth noting, however, that in thís chapter on classical 
mechanics we have succeeded ïn giving rigorous defnitions of 
mass and force (Eqs. 3-5 and 3-7) which are correct both m 
classical mechanics and relatIvistic mechanIcs. 

It is important to remember that wherever the symbol #" 
appears in this sectlon, what is meant 1s the me Íorce on a 
mass Äí. To test the significance of thĩs, we will ask a few 
questions. 

dQQuesHion: It is possible for a body to remain at rest while 
being pushed by an external force? 

The answer 1s yes. I† is possible 1f at the same time there 
are other external forces such that the vector sum of all the 
external forces is zero; that 1s, F ¿: = 0. 

Question: If the net force on a body is zero, then must the 
body be at rest? 

The answer is no because the body may be moving with 
constant velocIty. 

The units of force are kg m/sec? in the MKS system and 
gm cm/sec? in the CGS system. These two units are g1ven 
the speclal names newton and dyne, respectively. One new- 
ton 1s the amount of force required to give 1 kg an accelera- 
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Fig. 3-8. Block being pushed against Immovable wall. 


Ans.3: False. The body could be moving at constant veloeity 
and then #L¿\¡ = 0. 


tion of I1 m/sec?. The conversion factor between newtons 
and dynes 1s obtained as folÌows: 


1kgx 1m 


l1 newton = [1L sen) 


Now we substitute 103 gm for 1 kg and 102 em for 1 m. Then 


1 newton = (10 gm) x (10 cm) 
(1 see)? 


F (In) x(|Icm) 
_— (1 sec)2 


105 dynes 


Contact ƒorce 

When two objects are pushed into contact such as a bloek 
pushed against a wall or table, there are contact forces. Not 
onlÌy 1s there a force on the table due to the block, but there 
1s a force on the block due to the table. The uÌtimate source 
of these two forces are the repulsive forces between atoms. 
When the electron clouds of two atoms begin to overlap, 
there 1s a repulsive force between them, and as the two atoms 
are pushed closer together the repulsive force increases. This 
repulsive force between atoms is electromagnetic In origm 
and can be very strong compared to gravitational forces. IÝ 
we push a block harder against a table, it pushes the surface 
atoms of the block eloser to those of the table until there 1s 
a net repulsive force equal and opposite to the applied forece. 
We call such repulsive forces between surfaces, contact 
forces. 

Consider the following “paradox.”” A wooden block of mass 
ẨM 1s pushed against a solid wall with a force #ˆ According to 
Newton”s second law the acceleration 1s 


F 
“uy 
Thịs seems to say that the bloek should accelerate and start 
moving. However, we know from experience that the block 
will not move. What is wrong? 
'Thịs paradox 1s resolved by noting that the #'to be used In 
the equatlon = Ma must be the nef ƒorce. LÝ two forces F1 
and #› both act on the same mass Äƒ, then E¿( = E¡ + E$. 
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Fig. 3-9. TWwo blocks beïing pushed along frictionless sur- 
face. 


Q.4: In Eig. 3-8, is the force against the wall always equal to 
the foree the wall exerts on the bloek? 


In addition to the applied foree EF there 1s a second force F” 
of the wall pushing on the block in Fig. 3-8. The net force 1s 
then E„¿¡ = EF + E“. According to Newton”s thírd law F s 
equal and opposite to the force of the block pushing on the 
wall, so EF= —E. Thus E¿¿¿y= EF + (—FE) = 0; now New- 
ton”s seeond law gives the result 
net 

a= SE =0 

As we proceed further we shall begin to appreclate the 
great simplieity and beauty of Newton”s laws. However, the 
correct application of Newton'”s laws can often be subtle. The 
following paradox should serve as a warning to the careless 
thinker. 

Consider two blocks, 3x and Äzg, on a frictionless surface 
as shown In Fig. 3-9. A foree is applied to block A and trans- 
mitted through it to block 8. By Newton”s third law, block 8 
must exert an equal and opposite forcee (—#') on block A. 
Thus the net force on A is the sum of the applied force #? 
plus the contact force — of block 8 on A. Thus Fu¿ = # + 
(PP) liển 


¬ 


q= 1e — ( 


M 


The conclusion would be that block A can never move, no 
matter how large a force is applied to it. 

The preceding paradox contains a mistake, which 1s the 
assumption that the force #' is transmitted through bloeck A 
and 1s thus also applied to block Ö. There is nothing mm New- 
ton”s laws saying this should be so. Instead we should assumne 
an arbitrary value #“ for the force of bloek A on bloeck ÿÖ. 
Then the net force on 81s and the net force on A 1s ` — Ƒ“”. 
Newton's second law applied to blocks A and B respectively 
Ø1V@S 
P—F'= Mụa 

'ˆ—= Mpa 


Adding together the above equations we obtain 


r 
Ƒ'= (M M '. =——— ` ———— 
(Ma + Mp)a Or @ Mạ + Mp 
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Eig. 3-10. Forees on block M⁄ sliđing down Inelined plane. 


Khet = F”ˆ + FQG 


Ans. 4: According to Newton's 3rd law the answer is yes. 


Note that this result is merely the applied force #' divided 
by the total mass of the two bloeks. 

The remainimng three sections of this chapter are devoted to 
three applicatlons of NÑewton”s laws which should give some 
Idea of how Newton's laws are used to solve problems in 
mechanics. 


3-4 The Inclined Plane 
Grduity reduced 


ExperImentally all freely falling bodies have the same 
acceleration. According to Newton's second law the gravita- 
tional foree on any body of mass Ä⁄ near the earth”s surface 
must then be #4 = Ä⁄g where øg = 9.8 m/sec2. 

dQQuesfion: What 1s the acceleratlon of a mass Ä sittmg on 
a table? 

The answer is that since the velocity of the mass is not 
changing, by definition 1ts acceleratlon must be zero. 

Quesfton: What 1s the net force on a mass Ä⁄ sitting ona 
table? 

Since the acceleration 1s zero the net force Is F.¡ = Äq — 
M0) =0. The contact force #'ˆ of the table pushing up 
against the mass 1s equal and opposite to the gravitational 
force pullng down on Ä⁄. The net force 1s net = Ÿg — F = 
ẢMg — Míg = 0. Thịs is true of the vertical forces even iÝ mass 
AM 1s shidmg along a frictionless table. In the absence of fric- 
tion there wIll be no hor1zontal component of foree. 

Now 1Í we tiÌt a frictionless table, there will still be zero 
component of force along the surface; that is, the only con- 
tact force the table can exert on Ä⁄ must be perpendicular 
to the surface as indicated by F“in Fig. 3-10. Suppose the 
table 1s tilted by an angle Ø, what wIll be the acceleration of 
the mass as 1t sÌides down the Inclined plane? 

In this case the contact force F“ of the meclme on 3ƒ must 
be of such a value so that Ebet 1s pointed along the incline. 
Also F7 must be perpendicular to the incline. The three vec- 
tors Fhe¿„ F, and the gravitational foree FE¿ are shown In 
Elg. 3-10. In Fig. 3-10 the vectors E“ and E¿ are added 
according to the polygon rule to give Eh¿:. The angle between 
Fˆ and EF¿ must be Ø since E⁄ and F¿ are mutually perpen- 
đieular to the incline and the horizontal. Since the sine oŸan 
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angle 1s the opposite side divided by the hypotenuse, we have 
from Fg. 3-10 that 


Tin 


G 


sin Ø = 


Now substitute Ma for #hu(and Mg for Fì: 


: (Ma) 
sin Ø = 
(A1g) 
0F 
qa = ØøsinU 


3-5 Atwoods Machine 
Controlling grauty again 


Atwood”s machine consists of two masses, Äfị and Äĩ;, 

connected by a light string over a pulley as shown in Fïg. 

Fig. 3-11. Atwoods machine. 3-11. If the mass of the string were actually zero, the net 

force on the string must also be zero; otherwise it would have 

infinite acceleration. In other words, 1Ý a string is pulled with 

a force 7'on one end, the other end must also be pulled with 

the same force T. In Fig. 3-11 let 7 be the force with which 

the string is pulling up on each of the two masses. Thhe net 
force on Äf¡ Is 


Mhg — T-—= Mqơn (3-8) 


The net force on Äs 1s 


M›g = ƒƒ = iÈb 


Since the string is of ñxed length, ơ; = —ø;, and the above 
equation becomes 


AMIsg = 7= — Mĩsữơn 
OT 
J' = AM: g + Mơ 


Now substitute this expresslon for 7'Into q. 3-8: 


Mø — (M›g + M›ay) = Mu 
Q.5: A tractor pulls a pÌlow with a force #. tổ s8 1 1ữ1 


(œ) Must the force the ground exerts on the pÌow also have Solving this for ø; gives the result 
the same magnitude '? 

(b) Must the force of the plow pulling back on the tractor n= Äfạ — Äf; 
also have the same magnitude #'? Mị + Ms 


Dynamics | 63 


EFig. 3-12. A simple pendulum of length L. 


Ans.ã: (đ) Ônly 1Ý the plow 1s moving with constant velocIty. 
If it 1s accelerating, the force from the tractor must exceed 
that of the ground. 

(b) Yes. Thịs is a direct application of Newton's 3rd law. 


We see that the acceleration can be made as small as desired 
by making the mass diference correspondingly small. Of 
course, IÝ Mĩ, — Ä; is made too small, the mass of the strỉng 
and pulley no longer can be eonsidered as zero. 


3-6 The Simple Pendulum and Simple Harmonic Motion 
The usual type oƒ motion 


The simple pendulum is defned to be a small bob of mass 
M hanging by a string of length U. When one talks of the 
motion of a simple pendulum it is assumed that the displace- 
ment + 1s always much less than L. We shal] now calculate the 
acceleratlon of ÄM using Flg. 3-12. In Flig. 3-12 the force vec- 
tors E¿ and T are added by the poÌygon rule to give Fe. Thịs 
vector triangle 1s similar to the triangle of Fig. 3-12ø because 
1ts sides are all parallel to the corresponding sides of the 
triaangle m Fig. 3-12ø. Thus 


đúet 
Fe 


= _ (in the limit of small 9) (3-9) 


NÑow substitute Mfø for Fhạ: and Äíg for F„. Then 
Ma đš 


Mg — L 
Or 


We have Inserted the minus sign to remind us that ø and x 
are In opposite directlons. 

"This is our fñrst example of motion in which the accelera- 
tion changes 1n magnitude. Note that In this example the 
acceleration is related to the displacement + 1n a very sưnple 
way—it is directly proportlonal to x and always pointing Im 
the direction opposite to +. This type of motion 1s defined as 
simple harmonic motion (SHM). The general condition for 
ĐHM §s that the ratio of the acceleratlon to the diplacement 
1s some fixed constant K: 


Ca 
X 


is the condition for simple harmonic motlon. “Phis condition 
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is fulfilled by many common types oŸ motion. For example, 
the force of a stretched spring 1s usualÌy proportional to 
1ts displacement +x. This experimental observation on the 
property of springs 1s called Hooke's law. Thus the motion of 
a mass attached to the end of a spring must also be simple 
harmonic motion. There are many other examples of SHM, 
such as the motion oŸany poïnt on a plucked violin string, the 
motion of a small volume of air in an organ pipe, and the 
vibration of an atom in a solid. There is a good reason why 
much of the motion that occurs in nature is SHM: no matter 
in what complicated way a certain force varies with distance, 
as long as it 1s what we call a smooth funection of the đistanee, 
the change in the force must be đirectly proportional to the 
displacement for very small displacements. Thus for a small 
displacement of almost any body from its equilibrlum posi- 
tion, the condition for SHM š$s fulflled and the body wil 
oscillate back and forth in SHM. 

Let the maximum displacement of the pendulum bob be 
xo. Át this position the restoring force 1s maximum and the 
mass Is pulled back through x0 and overshoots to 
+ = —#o (neglecting frictlon). Then the process 1s repeated. 
"The time it takes for the bob to move from x = xot0ox = —xXo 
and back agaim to # = +o 1s called one complete period 7' 
Figure 3-14 contains plÌots of x versus ý, the force #' versus ý, 
and veloeity ø versus ý for an objJect in SHM starting from 
the positlon x = 0. 

The value of 7 'is determined only by the ratlo ø/+x. lt wIll 
be shown in the following paragraph that 


for all forms of simple harmonic motion. Since for a simple 


pendulum the quantity (- s) = + we have 
“sẻ a. 
ó0 72 


OT 


T'— 2m '5 
V 6 


EFig. 3-13. Strobe photograph of swing of a simpÌe pendu]um. 
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Eig. 3-14. Curve (ø) is a plot of the displacement + versus 
time In SHM. 'Phe time for one cormnplete oseillation 1s 7 
the period. Curve (b) shows the corresponding force, or ac- 
celeration versus /. Curve (e) shows the corresponding 
velocIty 0, 


Eig. 3-15. The reference cirele. ProjJection of ball position 
on vertical plane wIll have the same moflon as a pendulum 
ball. 


= Vertical plane 


Note that the period of a simple pendulum is independent of 
the mass of the bob and also Independent of how large a dis- 
placement +o 1s used. The suggestlon of Galileo was followed 
in mechanieal cloeks by making use of the fact that in simple 
harmonmlic motion the period is independent of the size of the 
đisplacement. 


The refcrence circle 

Figure 3-15 shows the shadow ofa ball traveling in uniform 
cireular motlon with velocity ø and radius x. We shall show 
that the motion of the shadow on the secreen in Flg. 3-lỗ 1s 
sinple harmonie motion; that 1s, that the ratio ø/+x 1s a fxed 
constant for all values of x. Since the shadow is an edge-on 
view of the circle, the motion of the shadow is back and forth 
along a straight line (the x-axis), with a maximum displace- 
ment of xọ. The acceleration ø of the shadow is the x-com- 
ponent of the centrIipetal acceleratlon ứ, of the ball. We shall 
now determine ứ using Fig. 3-16, which is a top view of the 
circle im Fig. 3-15. By similar triangles 


No 
đỆ — đấn 
: 4m2 
Since ø¿ = — nã + (see Eq. 2-15), we have 
42 
ñ. TA 
g. *q 
sT 
q 4zr2 : 
LAI II... 3-10 
ấy Tˆ ( ) 


Thus we have shown that the acceleration of the shadow 
divided by 1ts displacement 1s alwavs constant and that 1t 
has the value — (4z2/7'?), where 7 '1s the period o£oseillation. 
Thịs 1s true for all forms o£ simple harmonie motion. The 
ratlo đ/+ 1s always — (4z2/7T'). 


Example 5 

A hole 1s drilled through the center of the earth from the Ủnited 
States to Australia. Ignormg anr resistance, how long w1Ïl it take for 
a sfone dropped in the hole at the United States end to reach 


_ : NT. Di 
Australia If the gravitatlonal foree on the stone is #$ = 1n" 
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Fig. 3-16. Top view of the reference circle. The vector a is 
the proJection in the x-axis oŸ the balls acceleration a,. 


Eig. 3-17. Curve (e) Is plot of typical force between two 
atoms in a molecule. Equilibrium position wIll be at r = 7o, 
where #' = 0. 


t 
0 r 
(a) 
rF 
(b) 
_ h 
ị 
_ "TT m í 
(e) 


r 1s đistanece oŸ proton 
from center of molecule 


where r 1s the đistance from the center o£ the earth and # = 4000 mi 
1s the radIus of the earthi? 
According to Newton”s second law 


r 
TH G= Man 
“Thus 
li S 
"mi 


is the ratio of acceleration to displacement. We see that this ratio is 
imdependent of the position of the stone, thus satisfying the condi- 
tion for simple harmonie motion. According to 4q. 3-10, thís ratio of 
acceleration to đisplacement must then be 4z°7'?; hence 


4m2 `. 
J3 — j§ 
V .ể 


T'= 5.1 x 1023sec 
7= 85mn 


The time to reach Australia is one-half of a complete perlod, or 
42.5 mm. 


Let us now consider in more detail the statement that an 
atom will oseillate in SHM ïf displaced from 1s equilibrium 
position. We will consider the hydrogen moleeule which con- 
sists of two hydrogen atoms bound together due to the 
attractive forces between the electrons and the two protons. 
"This net attraetive force between two hydrogen atoms looks 
something like Fig. 3-17œ when plotted versus z, the distance 
of one of the protons from the center of the molecule. Butin 
addition there is a repulsive force between the two protons 
which looks something ke Fig. 3-17. The sum oŸ the two 
curVves gives a net force between the two hydrogen atoms 
looking sormnething like Eig. 3-17c. The equilibrium position 
has the value ro = 4 x 10~9 em, at which positlon the slope 
of the curve is A⁄Ár = —I.1 x 108 dynes/em. 


Exampie 6 
From the mformation given above, calculate the frequencv of 
oscillation of the two hydrogen atoms in the hydrogen moleecule. 
Let x = ?r — rọ be the displacement from the equilibrium posItion. 
"Phen from the sÌope of the curve at r = rọ we have for small dis- 
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placements '= —(1.1 x 108)x in dynes. Now divide both sides by 
the mass of the proton (1.67 x 10~?3 gm) to obtain 


ơ = —-(0.66 x 1039)x In cm/sec? 


The ratio ø/x which 1s also equal to —4z?/T? has the value 
0.66 x 1039 sec-?. Solving for 7 gives 7.74 x 10-15 sec for each 
oscillation. In one second there will be 1/(7.74 x 1015) or 
1.29 x 101! of these osclllations. A charged particle oscillating at 
this frequency wIll emit electromagnetic radiation of this frequency. 
Such' radiation appears as Infrared radiation. TẾ the frequency had 
been three and a half times greater, the radiation would appear as 
visible light. We coneclude that heated hydrogen gas emits infrared 
radiation of Írequency 1.29 x 101! eycles/sec. 


1. Can the two forces of Newton's third law ever act on the same 
body? 


2. Suppose you were sItting im the middle of a cornapletely friction- 
less surface such as an Idealized pond of ice. Propose a method for 
getting out of such a predicament. 


3. Consider as a system of mass Äƒ, a boy on a bike. What ïs the 
externdl force that can accelerate ÄAƒ? What is the external force 
that can bring Ä to rest? (The push against the pedals is not external 
to the system of boy plus bike.) 


4. If ` — kz; the force 1s proportional to the displacement. What 
are the unIts of & in gm, em, and sec? 


5. A tractor pulls a log attached by a chain with a constant speed of 
5 mph and a force of 1000 newtons. The gravitational foree on the 
log 1s #¿ = 2000 newtons. According to _Newton's frst law whatIs 
the net force on the log? 


6. What is wrong with the following reasoning? A tractor pulÌs a 
plow with a force . By Newton*s third law the contact force of the 
ground on the plow is — #`' Since the sum of these two forces 1s z©rO, 
the plow cannot move. 


7. A force #'acts for a tìme son a mass Äƒ. What is the increase in 
momentum of Ä 2 


8. TWwo blocks are tied together with a piece of string. Another 
strmng 1s tied to the top block. The blocks are pulled by the earth”s 
ØraVILV. 

(a) How much force #' must be applied to the top strmg to 
suspend both bloeks at rest? 

(b) How mụuch force # must be applied to the top string to give 
both blocks an acceleration upward o£ 2 m/sec? What then is 
the tension in the string between the two bloecks? 
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Prob. 13 


Prob. 14 
1.4414 x 10 dynes 


Prob. 16 


Table 


9. A super ball is bouncing up and down without loss of energy to 
a hetght h. 
(a) Is this simple harmonie motion? 
(b) Derive a formula for the period of oscillation of the ball. 


10. Three identical blocks of mass Äƒ each are pushed along a 
frictionless table. 

(a) What is the net vertical foree on block 4? 

(b) What is the net force on block A4? 

(c) What Is the acceleration of block Œ? 

(đ) What is the force of block A on block 8? 


11. A block of wood having a mass of 2 kg is initially at rest on a 
smooth horizontal surface. A 5-gm bullet having a horizontal 
velocity of 500 cm/sec strikes the bloek and remains imbedded ïn it. 
With what fñinal velocity do the block and bullet move after the 
collision? 

12. Assume the hydrogen atom is an electron of mass 9 x 10~?3 gm 
traveling in a cirele of 10~3 em diameter around a proton. The force 
of attraction is 10? dyne. What is the electron velocity? How many 
revolutions per sec does the electron make? 


18. A four-car toy trai is pulled by a chỉ!d with a force #. The mass 
of each car 1s Ä. What are the tensions (or forces) 7\, 7», and Ts›in 
the stringsin terms of and ÄM? What is the acceleration in terms of 
and Ä⁄ƒ? Ignore friction. 


14. A child pulls a frictionless pull-toy with a force of I.414 x 101 
dynes at an angle of 45° as shown. What is the acceleration of the 
20-gm car? What is the tension im the string between cars? What is 
the tension in the string pulled by the chid? With what force does 
the floor push the 20-gm car? 


lỗ. A pendulum of length 1 m swings back and forth 5 cm from the 
center position. 
(a) What ïs its velocity at the end of the swing (maximum dis- 
placement)? 
(b) What is the acceleration when at the end of the swing? 
(c)_ What 1s the acceleratton and velocity when passing through 
the center? 


16. 3ƒ; and Äf; are attached by a string that runs over a frictionless 
pulley. Ä; is held down on the table. What force is required to hold 
1M; down on the table? What is the tension in the string in dynes? 
What would be the tension in the string If Ä were released? 


17. A 500-gm mass is sitting on the end of a level, frietionless glass 
surface. If this end of the glass surface is raised 2.5 em, what will be 
the velocity of the mass when it reaches the other end? 


18. A boy on a rocking horse swings back and forth a distance of 2 ft 
from the equilibrium position. The maximum acceleration of the boy 
1s 0.5 Ít/sec2, IÝ the acceleration is proportional to the displacement, 
what 1s the period of oscillation? 
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Prob. 20 


Z 


Prob. 22 


EF = 200 newtons 


19. A rocketship of 108 kg mass and 2.94 x 107 newton thrust 1s 
fired vertically. What ïs Its acceleration? (Hưn(: the net foree on the 
rocket 1s not equal to the thrust.) 


20. A boy whirls three balls, tied together with 1 m lengths of string, 
ma horizontal plane (ignore gravity). Each ball has a mass of 100 gm. 
Tf the outside ball is moving at a speed of 6 m/sec, what are the ten- 
sions in the three strings? If he continues to whirÌ them faster, which 
string wIll break first, assumimng all strings are alike? 


21. Assume the ball in the referenee circle of Fig. 3-15 has a velocity 
0o. Express the following quantities In terms of 0o and +o onÌy: 

(a) The maximum acceleration of the shadow. 

(b) The period of oseillation of the shadow. 

(c) “The frequency or number of osclllations per second. 


22. A block of 40 kg 1s on a frictionless surface under the Infuence 
of gravity and an external force #'as shown In the figure. What are 
the magnitude and direction of the net force on the block? Suppose 
#' = 800 newtons Instead of 200. Now what 1s the magnitude of the 
net force? 


23. Derive a formula for the acceleration of Ä; in terms of Mị, Ma, 
M;, and ø. In this “double” Atwood's machine assume frictlonless, 
tnassless pulleys. 


24. Consider the modifed Atwood's machine shown In the ñgure. 
Assume frictionless, massless pulleys and that 3; slides along the 
surface wIthout friction. Let 7¡ be the tension m the left string and 
T; the tension in the right string. Assume 3#; is heavler than ÃÍ. 
(a) What 1s the net force on Mí;? Ôn Ä⁄ƒ¿? Give answers In terrns 
of Mì, M:, ø, T), and 7:. 
(b) What would be the net force on Äí; 1f it 1s held stationary by 
hand? What would then be 7? 
(c) Now suppose that Mĩ and only ÄMí; ¡s held stationary by 
hand. What then would be 7? 
(d) What ïs the acceleration of the three masses when they are 
free to move2 Give answer 1n terms of the masses and ø. 
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TABLE 4-Í 


Relative 

strength 

(at small 
disiances) Range 


Kind of force Šource 0f †0rce 


Tnertial mass 

All elementary 
particles 

3. Electromagnetic Anything containing ~—10?2 Long 
electric charge 

Protons, neutrons, 1 Short 
plons, the 
strange particles 


1. Gravitational 
2. Weak 


~10 33 Long 
~I10-_ Short 


4. Nuclear 


4-† _Newton's Universal Law of 6ravitation 


Source 0ƒ the ƒorce 


In Chapter 3 we studied general features of force without 
discussing Just where forces come from. How are forces pro- 
duced? According to our present knowledge there are only 
the four diferent kinds of forces listed im Table 4-1. Most 
everyday applicatlons of physics deal with electromagnetic 
and gravitatlonal forces. Only when we get to nuclear physics 
(Chapters l5 and 16) do we deal with the nuclear and the 
weak forces. We will start our formail study of the gravita- 
tional interaction in this chapter, and the electromagnetic 
interaction in Chapter 7. 

According to Newton, the event that led him to his univer- 
sal law of gravitation was an apple falling to the ground. 
This made Newton wonder whether the force that causes 
the apple to fall to the earth is the same force that causes the 
moon to “fall'” toward the earth. Knowing the distance to 
the moon, and thus I1ts velocIty, Newton calculated 02/R for 
the moon and found that it was about 1/3600 of the accelera- 
tion of the apple. He observed that this 1s the square of the 
ratlo of the distances of apple and moon from the center of 
the earth. This led Newton to postulate that the gravita- 
tional force might vary imversely as the square of the 
distance. 


kxample 1 

What is the acceleration due to the earth”s gravity at the moon”s 
positlon? 

"The moon 1s an earth satellite at a distance #„ = 240,000 mi = 
60 tạ where ##ọ 1s the radius of the earth. Any object, including the 
moon, at a distance of 240,000 mi from the earth will accelerate 
toward It with the same gravitational acceleration as the moon. 
According to q. 2-15, the acceleration of the moon toward the 
472 
T„? 
complete revolution or 27.3 days. Now convert #„ to meters and T„ 
to seconds and we obtain the result ø„ = 2.73 x 10-3 m/sec2. Note 
that the acceleration of a low-fying earth satellite is 9.8 zm/sec2 
which is about 3600 times larger. Newton was struck by the fact that 
3600 1s also the square of the ratlo of the distances; that ïs, 
g/d„ = R„2/Rạ?. Hence, wIthm the accuracy of our calculation, the 


center of the earth 1s ơ„ = ( )», where 7?„ is the time for one 


¿ 


Neiton”s lau 0Ÿ grauitation 


Q.1: If Newton's apple tree had been 240,000 mi high, with 
what acceleration would the apple leave the tree? 


acceleration due to gravity appears to decrease at a rate inversely 
proportional to the square of the distance from the center of the 
earth. 


Since all] masses fall toward the center of the earth with 
the same acceleratlon ø, Newton also postulated that the 
gravitational force must be proportional to the mass. The 
final form of Newton”s universal law of gravitation for the 
force between the two particles of mass Ä⁄¡ and Ä⁄; 1s 

M.M: 
r2 


l' = Œj (4-1) 
where 7 Is the distance between the particles. The constant 
G has the value 6.67 x 10~1! newton m2/kg? im the MKS 
svstem and Œ = 6.67 x 10-8 dyne cmˆ?/gm? im the CGS 
system. The value of Œ must be determined by experiment. 
Newton estimated Œ by guessing at the mass of the earth 
using Its known volume and guessing I1ts density. To show 
how Œ can be obtarned in this way, we apply Ha. 4-1 to a mass 
AM on the surface of the earth. Then 


M,M 


ạ=ŒG P? 


(4-2) 


As mentioned in Chapter 2, we know that the gravitational 
force #z on Ä⁄ wï]l cause & to fall with an acceleration ø = #. 
So 1n the equation 


Fạg = Mu 
œ has the value ø. Making this substitution g1ves 
FEg = M(g) 


Now we substitute Eq. 4-2 for the gravitational force #¿ 
obtammg 


M,Mì _ 
(e##)= 
Now cancel out the mass Äƒ and solve for G: 


`... : 
li = TT (4-3) 


where Ä, is the mass of the earth and ??, is the radIus of the 
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Fig. 4-1. Principle o£ the Cavendish experiment. TWwo small 
lead spheres of mass #: are connected by a horizontal rod 
suspended by a thin quartz fiber in (ø). In (ð) two large 
lead spheres each of mass Ä⁄ are brought nearby. The 
gravitational attraction between z and Ä⁄ causes the small 
masses to move toward Ä and twist the quartz fber. The 
force required to twist the quartz fber this same amount 1s 
khown from other previous measurements. 


m @ m 
(ch (b) in © 


Ans. 1; The same as the moon”s acceleration which 1s 
- 


(mạ = ——— 


(60)2 ˆ 


earth. We see that IÝ Ä, is known, then G 1s determined. 
Conversely, 1Ý Œ can be determined from a direct measure- 
ment of the force between two lead spheres, then 3, can be 
determined by solving Bd. 4-3 for Ä„: 


_ øRˆ? 
M.= re 


The first direct determination oŸ G was first made by Henry 
Cavendish In 1797 as i1llustrated m Fig. 4-1. We now under- 
stand why his experiment ïs called weighing the earth, even 
though the earth has nothing to do with the experiment 
1tself. In fact, the Cavendish experiment would be easler to 
perform in the absence of the earth”s gravity. 


Example ï 

What is the maximum gravitational force of attraction between 
two lead spheres, each of 45 kg mass and 20 em diameter? Compare 
this force wIth the force of attraction to the earth. 

According to Hq. 4-1 the force of attraction between the lead 
spheres 1s 


M= 6.67 x 10-11 Š} newton 


= 3.37 x 105 newton 


"The force 1s smaller than mostể frictional forces; henee it can only be 
detected under very special circumstances such as the Cavendish 
expermment. The attraction of the earth on one of the lead spheres 1s 


tạ = Mg = 45 x 9.8 newtons = 440 newtons 


Thịs 1s more than 100 million từmnes larger than the attractive force 
between the two spheres. 


We shall see m the next sectlon that ín addition to obtain- 
¡ng the mass of the earth from G, so could Cavendish obtam 
the mass of the sun, and the masses of all planets with ob- 
servable satellites. All we need to know to get the mass of the 
sun 1s Œ, the distanee from earth to sun, and the tỉme It takes 
the earth to go once around the sun. 
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Eig. 4-2. Construction of an ellipse using two pins, string, 
and penell. Points A and Ö are the foci of the ellipse. 


[} Penei 
P 
. 
A String j 


Q.2: What is G on the surface of the moon? 


4-2 Kepler*s Laws 


TInduction 


Before Newton had postulated his unIversal law of gravita- 
tion, Johannes Kepler found that the “complicated”ˆ° motions 
of the solar system could be described by three simple laws. 
Kepler”s laws added strength to the hypothesils of CopernIcus 
that the pÌanets revolved around the sun rather than the 
earth. 

Back m 1600 it was religious heresy to suggest that the 
planets revolve around the sun rather than the earth. In fact, 
m 1600 Giordano Bruno, an outspoken advocate of the 
Copernican heliocentric system and a religious heretlc In 
general, was tried by the Inqu1sitlon and burned at the stake. 
Even the great Galileo himself was mmprisoned, tried by the 
Inquisition, and made to renounce publicly hís beliefs, m 
spite of the fact that the Pope was a good personal friend of 
his. 

The dogma of the times holding sacred the teachings of 
Aristotle and Ptolemy taught that the orbits of the planets 
were described by complicated motlons of cIreles within 
circles. A dozen or so circles of diferent sizes were needed to 
describe the orbit of Mars. Johannes Kepler's ambition was 
to “prove”` that Mars and the earth must revolve around 
the sun. His approach was to find a simple geometrical orbit 
that would accurately ft all of the vast measurements of the 
position of Mars. After years of tedious work, he was able to 
discover three simple laws that very accurately agreed with 
the data on all the planets. Keplers laws also apply to 
satellites revolving about a planet. 


Kepler”s ftrst lau 

Each pianet trauels tn an clipfical orbtt tnịth the sun qt q 
ƒocus 0ƒ the ellipse. 

An ellipse has several geometrical properties. One of these 
can be used to draw an ellipse using a string, penecil, and two 
pins as shown in Fig. 4-2. The two ends of the string are 
fastened at poïints A and Ö. Then the peneil at pomt Ð will 
trace out an ellipse. Points A and Ö are called the focl. An 
ellipse is often defined as a curve where the sum of the dis- 
tances from any poïnt on the curve to two fixed points (the 
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Fig. 4-3. In the ellipse below, the shaded areas are equal. 
According to Kepler”s second law, the distances s¡, sa, and 
sz would all be covered by a planet 1n the same length of time. 


S2) 


Ans. 2: The same as on the surface of the earth or anywhere 
else. Ít 1s a universal physical constant. 


foci) 1s constant. Another geometrical property of an ellipse 
is that the lnes 4P and 8P make equal angles with the 
tangent to the ellipse at poïnt Ð. Thus any light or sound 
waves starting from A would be reflected to point Ö. Thịs is 
the prncIple of the whispering gallery which may be found in 
some museums and sclence exhibitions. A whispering gallery 
has elliptically shaped walls. One person stands at poïnt A 
and another, perhaps 50 ft away, at point Ö. IÝ the two people 
are at the foci, they can whisper softly to each other without 
beïng heard by anyone else In the room. 


Keplers second lau 

The line Jotmng the sun and a pÌanet sueeps out equal 
đqregs In equdÌ tmes. 

In Fig. 4-3 the shaded areas are all equal. According to 
Kepler”s second law, a planet must take the same amount of 
time to traverse distances sạ, s;, and sa. Thus, when the earth 
1s closest to the sun (m early January) it 1s at Its greatest 
velocIty. According to Keplers second law, wIinters in the 
Northern Hemisphere must be shorter than In the Southern 
Hemisphere where winters occur mm July when the earth 
1s farthest from the sun. 


Kepler* thữd lau 
The cubes 0ƒ the distances oƒ any tuo pÌanets fom the sun 
gre to eạch other œs the squqres 0ƒ the periods: 
R3 T2 


J8 = 0ñ (4-4) 


where #; and 7) are the distance and period of planet 1, and 
R; and 7; are the distance and period of planet 3. Kepler 
specfied that the distance # should be taken as one-half the 
major điameter of the ellipse. 

The logical process by which Kepler obtained his three 
laws 1s called induction. We shall see in Section 4-3 how New- 
ton obtained the same three laws by deduction. Newton was 
able to derive Keplers laws from his universal law of 
gravitation. In this sense he explained why the planets move 
according to Kepler s laws. 
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Eig. 4-4. Artist's conception of the ““Barly Bird” eommuni- 
cations satellite in space. (Credit: Wide World Photos.) 


Q.3: The net force acting on the moon is the sum of two 
forces, the centripetal force and the gravitational force. True 
or false? 


Examp‡e 2 

What must be the height of the Early Bird satellite? The Early 
Bird satellite hovers over the same point on the earth's equator 
indefnitely. Thịs is because it has the same period as the period of 
rotation o£ the earth. We know that an earth satellite 4000 mi from 
the center of the earth, such as Sputnik I, has a period 7 = 5000 sec. 

For this problem we will use Kepler”s third law and let an earth 
satellite skimming the cearths surface be “planet” 1. Then 
! = 4000 mi and 7T = 5 x 103 sec. We wish to fñnd ?; when 
T› — one day, or 8.6 x 101 sec. 

Solving Bq. 4-4 for ?8¿ 


Rạ3= 


K> 

II 
k 
=I=| 
= 

~ 


= 


2= /} x 4000 mi 
\ 5 


?*¿ = 26,600 mi 


We see that an earth satelHite at a height ofabout 22,600 mi above the 
equator will hover over that same point forever iÝ moving in the 
same direction as the earth”s rotation. 

Suppose the above problem had asked to find the height of a 
satellite having a period 7= 27.3 days. The very same procedure 
would give the answer 240,000 mi. This happens to be the height of 
the world”s “frst”” earth satellite. It is called the moon. 


4-3  Derivation oí Kepler's Laws 
Deduction 


About 300 years ago Newton was able to give complete 
derivations of Kepler”s laws. Actually, the derivations given 
by Newton are above the mathematical level of this book. 
Let us try however to give simpler noncaleulus derivations 
of Keplers laws starting from Newton”s universal law of 
gravitation. We will first consider a speclal case of Kepler”s 
third law—that of planets moving ín cireles around the sun. 
Actually the orbits of all the planets except Pluto are very 
close to being circles with the sun at the common center. 
The orbits of the earth and Mars are accurately drawn to 
scale m Fig. 4-5. As can be best Judged by the eye they appear 
to be cireles, whereas the orbit of the first man-made planet 
appears more elliptical. In our derivation we wilÌl com- 
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Fig. 4-5. Orbit of the first man-made planet compared to 
the orbits of Mars and Barth. All three orbits are ellipses 
although the orbits of Mars and Barth appear almost as 
cireles. (Courtesy Sovfoto.) 


Ans, 3: False. Thhese two forees are one and the same. 


pare the perilods of planets 1 and 2 of Flig. 4-7. Qur start- 
Ing pomt, as 1s so often the case, 1s Newton”s second law: 


tì = Mid (4-5) 


Since planet 1 is moving uniformly in a cirele, its only 
acceleratlon 1s centripetal acceleration. It will be to our 
advantage to use the formula (Eq. 2-16) for centripetal 
acceleration which contains the period 7: 


2 
đi = X- Tì 
Substituting thisinto Eq. 4-5 g1ves 
4m2 
bị = An (2ì) (4-6) 


Now Just where does this force # come from? Gravity, of 
course—It 1s the gravitatlonal interaction between the sun 
and planet 1, and this Is gIven by Newton'”s law of gravitation, 
Eq. 4-1. So we can substitute 


1M,Mhạ 


thạ=ŒG Rˆ 


Into the left-hand side of Eq. 4-6, obtaining 


° nôi nhàn, VIẬ 
Hence 
472 M: 
m-"n: 
or 
R›  GM, 
Tạ _— 4m2 —” 


Note that thịs ratio 1s independent of the mass of pÌanet 1. 
W©e can repeat this very same calculatlon for planet 2 at a 
đistance ?#s from the sun. ELikewlse 


R;ạ* _ GM, 
T›2 ”ă 4zr2 


(4-9) 


Equating the left-hand sides of Bq. 4-8 and Eq. 4-9 gives 


Rẻ _ Rè  Rị - Tự 
TP —”T;? R,3 
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Mort” 687-day orbit 


Earth's 365.2-day orbit ẵ “e> 
Đọc. 3 
Ong ' 
4 


Venus“ 224.7-dey orbit 


Positions ot teke-off 
for Venus 


Fíg. 4-6. Proposed orbits for space trips to Mars and Venus. TÔ G , , 
Ko The azarro ad which 1s Kepler”s third law. The more general derivation for 


with the sun at one focus. (After drawing by Tữne.) elliptical orbits is more complicated and will not be presented 
here. 


Exơmptle 3 
Mars is 52% farther from the sun than the earth. How long is a 
Martlan year? 


Since Man is 1.52 we have 
carth 

T?mạrs 

=5) 

1Í by än 


TÑpws = V 3.9 4 Ty ấn 
Twars — Ì.87 years 


Before deriving Kepler”s second law, we can squeeze more 
Information out of fñq. 4-8. We can use 1t to obtain the mass 
of the sun. Solving Eq. 4-8 for Ä⁄;, we obtain 


(4-10) 
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where #¡ and 7ì) are the distance and period of any planet 
(the earth, for example). Now Cavendish and even prehistoric 
man knew what T¡ 1s for the earth-it is one year or 
3.15 x 107 sec. We know from astronomical observations 
that #:, the earth-sun distance, 1s 93 million miles or 
1.50 x 1013 em. Substituting these numbers mto Bq. 4-10 
gIives Ä⁄; = 2.0 x 1033 gm. 

The derivation of Eq. 4-10 would apply to any satellite 
revolving around any central object of mass j⁄,. Hence we 
can apply Eq. 4-10 to one oŸ the moons oŸ.Jupiter w1th period 
Tì and orbital radius #¡. OŸ course, we must replace ÄMí; by 
4Mĩ;, the mass of Jupiter. Then we can write Eq. 4-10 as 
follows: 


423 
(6u Pu 


Mĩ; = (4-11) 
Let us take the moon of.Jupiter named To for our caleulation. 
Galileo measured its period to be 7ị = 1.77 days or 
1.53 x 105 sec. Its distance from Jupiter 1s measured to be 
lạ = 4.22 x 1019 cm. If we substitute these values into 
Hq. 4-11, we obtain 


Ú//j = L9) lÚU “BIN 


We begin to see the power of Newtons universal law of 
gravitation. So far we have calculated from it the masses of 
the earth, sun, and planets having satellites. Also we can ob- 
tain the distances of all the planets in terms o£the earth-sun 
distance Just by looking 1n the sky to see how long 1t takes a 
planet to go once around. 


Exampte 4 
What is the ratio of the veloeities of the two planets in Fig. 4-7? 
In this it is better to use the formula đi = 0¡2/) for centripetal 
acceleration. Then Eq. 4-5 becomes 


sF 
Uì?R\ị = GM, 
mmllarly 0;?Rạ = GÌ; 


Chapter 4 | 80 


Eig. 4-8. Points ?Ọ\, P›, and ; are successive positlons of a 
planet 1 sec apart. The text shows that the area SP; 
which is swept out in the first second must equal the area 
SP;P; which 1s swept out In the second second. 


Q.4: When an astronaut turns his rocket power off, the space- 
craft stops accelerating. True or false? 


EBquating the two left-hand sides gIves 


0\?R\ = 0¿?R; 
sF 
Đ R, 
Đa V Rìị 


Next we shall present a simple derivation of Kepler's 
second law using pÏlane geometry. 

Kepler's second law, the law of equal areas, can be ob- 
tained with the aid of Fig. 4-8. Consider three close positions 
ì, P;, and s on a planet”s orbit. Let P\, P;, and  each be 
1 sec apart. Then the distance between ?#¡ and Ð; wIl be the 
planet”s velocity 0, and the distance ÐzÐ will be the veloeity 
0; in the next second. According to Newton”s first law of 
motion, the component of velocity perpendicular to the line 
SĐ› must be unchanged because the component of force Im 
this đirection is zero (the force is pointing along SÐ; toward 
the sun). Thus (0), = (0;),. The area swept out by the 
planet in the fñrst second is the triangle SP¡#;. The area 
swept out m the next second is the triangle SP. Smce both 
these triangles have the same base S; and equal altitudes 
0,, they must have equal areas. Note that this derivation dịd 
not make use of the inverse square law of gravitation. All it 
depends on is that the Immteraction force is In the direction of 
the two interacting bodies. Thus Kepler”s second law turns 
out to be more general than his other two laws. The law of 
equal areas must also hold for other kinds of forces that need 
not be mverse square forces. 

Kepler”s ñrst law 1s the most difficult of the three to đerive. 
The usual derivation is somewhat lengthy and involves 
higher mathematics (differential equations). A noncalculus 
dđerivatlon does exist, but is too lengthy and immtricate to 
present here. 

Before leaving this section let us discuss a trap that 
stuđents tend to fall into. We know that the gravitational 
force on a planet is equal and opposite to the centrifugal 
force. Why then should not the net force be the vector sun 
of the two and hence be Zero? 
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Certainly, If the net force on a planet were Zero, according 
to Newton”s frst law it would move In a stralght line rather 
than a circle. As mentioned on page 40, the centrifugal force 
1s a fictitlous force which only exists In a rotating frame of 
reference. On the other hand, both the centripetal force and 
the gravitatlonal force exist, but they are one and the same. 
According to Newton”s second law #2 = ÄMfơ., where #$ 1s the 
force supplied by gravity and øơ, is the acceleration (it hap- 
pens to be centripetal in the case of a circle) caused by the 
force F%q. 


4-4  Weight and Weightlessness 


A person !s ds hequy ds he ƒeels 


In physics-teachimg circles, there is a controversy on how 
to defñne weight. In this book we will use the definitlon which 
makes sense physiologlcally. According to our defnition, a 
man”s weight would be what he would read 1ƒ he would weigh 
himself on a spring balance such as bathroom scales. We đe- 
fne the uueight oƒ an object ds the ƒorce oƒ the object against 
the floor.* The alternate defnition used in some other books 
1s that the weight of an object is the gravitational force on 
the object. But then an astronaut could never be weightless. 
In such cases the two definitions are Incompatable. 

Either way, weight is a force and is measured In newtons 
or dynes. In physics we do not express weight in grams be- 
cause grams is mass and not force.† Let #„ be the weight of 
mass Ä. IÝ mass Ä is resting on a floor attached to the surface 
of the earth as shown 1n Flg. 4-9, Ea: must be zero (ignorIng 
the small efeet of the earth's rotation). Eu¿i 1s the sum of Fe 
plus E”, the reaction force of the earth. 


*This de8nition is not completely general since it does not cover the case oŸ 
a man in a swimming pool. In order to cover thịs speciaÌ case, we must go com- 
pletely physiological and say that the weight of a man is proportional to the 
force of the fuid on the nerve endings in the semicircular canals of the mner 
ear. 
†The English system of units becomes particularly confusing at this poïnt. 
Ans. 4: False. With rocket power of the acceleration wIll be D0... called the pound deñned such that 1 lb of 
force will give an acceleration of 32 ft/sec? to 1 Ib of mass. The very same word, 
d= . where # is the net gravitational force. pound, ¡is used for two quite diferent things! To avoid confusion, we shall 
Ị never use an English unit of force in this book. 
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Fig. 4-9. Point of arrow Imdicates point of application of 
force. The solid red forces act on Ä. F„ pushes against the 
floor. 


) 3010 =—I hư, cưÐi LÚP (4-12) 


According to Newton'”s third law, the force of the foor on 
1s equal and opposite to the force oŸ Ä on the floor (which we 
have deñned as the weight #„). That 1s, 


F” = — Ïïp 
Substituting into Eq. 4-12 we have 


Euet = F« = Fựụ 
OT 
E„ = Fe = Enet (4-13) 


In our example of Ä⁄ƒ at rest against the surface of the earth, 
nei must be zero and we have 


ng = gi 
OF 
t„ = Mg 


is the weight of mass ÄM resting on the surface of the earth. 

But suppose the floor is accelerating downward with an 
acceleration of magnitude ø. This could happen 1Ý mass M 
were In an elevator. Then #¿: = Äœ and the welght can be 
obtained by substituting Into Eq. 4-13: 


tụy = Fe — (Ma) 
OT 
E„ —= M(g — œ) for downward acceleratlon 


We see that a person's weight is reduced whenever an 
elevator starts on a downward trip. Not only 1s this efect felt 
¡im the inner ear, but also in all other internal organs such as 
the stomach. 

If the elevator is accelerating upward, we must reverse the 
sign on ở. Then #„ = M(g + a) for upward acceleration. 

Suppose the elevator were freely falling; then ø = ø, and 
according to the equation #„ = Ä(g — ø), the weight would 
be zero. This is called the condition of weightlessness, and 
the passengers would look like the scientists Im Fig. 4-10 or 
the lady in the chapter opening. All objects im the elevator 
would foat freely in the air until the elevator hit ground. As 
we learned from Chapter 2, all earth satellites and proJectiles 
are freely falling. Thus a rocket passenger must become 
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Fig. 4-11. Cartoonist version of elevator accelerating down- 
ward faster than ø. (Reprinted by special permission from 
The Saturday Evening Post, Copyright 1959, by The Curtis 
Publishing Company.) 


Eig. 4-10. The amplane in this photograph has an accelera- 
tion ø = 32 ft/sec? directed downward. “The passengers are 
experiencing the “delights” of weightlessness. (CourtesV 
U.S. Atr Foree.) 


welghtless as soon as the rocket motors burn out or are 
turned of. Such a passenger would have diffculty drinking a 
glass of water because the water would float out of the gÌass, 
forming a blob or blÌobs of water floating in midair. Actually ¡t 
1s possible for ordinary airplanes to achieve the condition of 
welightlessness merely by following a parabolic path the same 
as a proJectile having the same horizontal component of 
veloctty. Some motor power must be used during such a 
maneuvern order to cancel the effects of aIr resistance. By 
this means passengers can be made weightless for more than 
1ỗ sec at a tíme. 'Phe experlence of weightlessness is described 
m the following quotation by W. R. Young, a sclence editor 
0Ÿ LIiƒc: 


Free floating at zero ø seems to give sinultaneous buoyancy to 
both body and spirit. I remember grInning ridIculously at othersin 
the plane as I diseovered the new world. It was hard to remember 
or to care which was “up” and which was “down.” The third time 
the plane was put through the maneuver I was able to push of with 
my toes Just vigorously enough to fẨoat a straight course the entire 
length of the compartment. When I had wafted to the other end, 
Major Brown snared me in midair and halted my forward fight, lest 
l sail on mto the pilots` area. Although he had anchored himself to 
a plece of equIpment with a frm handhold, he had to use some force 
to stop me, for weightlessness does not do away with the effects of 
momentum. Hebounding from his restraining hand, I caromed 
Ightly off the foor and then of the celling. 


If the downward acceleration of an eÌevator were greater 
than ø, we would have the situation shown m Fìig. 4-11. Thịs 
figure 1s somewhat unrealistic; the passengers would be more 
comfortable standing on therr feet (against the ceiling) than 
on their heads. 


Example 5 

Assume that for comfortable air travel passengers should never 
feel more than twice their normal weight (F„ = 2 3ø). What 1s the 
maximum hor1zontal acceleration permitted by this condition? 

Let a be the maximum hor1zontal acceleratlon. The force of the 
seat on the passenger is always (— F„). Then 


Ebet = Fe = Hệ —= Ma 
OF 
Fẹ = Míĩa + Fự„ 


where magnitudes of E1 and Es are 2 Ä⁄g and 3g, respectively. The 
đirection of Fe is down and the direction of Ä⁄a 1s horizontal. 
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Eig. 4-12. Airplane with a horlzontal acceleratlon such 
that the passenger”s welghts are doubled. 


Eig. 4-13. Roller coaster for Example 6. 


The two vectors Ä#a and EF„ are added together in EFig. 4-12 to give 
Fe. By the Pythagorean theorem 


Ma = v( 1g)? — (Mg)? 
q= v3ø 


Examp‡e 6 

Consider a roller-coaster shown im Fig. 4-13 which has a peak 
velocilty 0 = v⁄4øR, where is the radius of curvature of the dịp. 
What is the weight of the passengers at the bottom of the dịp? 

We can get the weight by calculating #;;¡ and then substituting 
into Eq. 4-13. We can get #;¿t by using Newton's second law, 
huet = Ma. Is the acceleration ø the sum of ø and the centripetal 
acceleration or is it just the centripetal acceleration alone? Ðven 
though gravity may be Infuencing the motion, acceleration is de- 
fñned as the rate of change of velocity and we have shown in Fig. 2-14 
that thịs is 02/7. Substituting the value x⁄4g8 for o into the equa- 
tion œ = 0?/Ï gives 


Hence #1¿¡ = 41 pointing up. 

The vector — Enat 1s 4Äø pomting down. To thịs must be added 
E¿ which has the value Ä⁄g pointing down. According to Eq. 4-13 the 
welght 1s then Ä⁄g + 41g or 5Mg. The passengers would feel ñve 
times their normal weight. 


4-5 §ravitational Mass 


Who :s accelerafing? 


Throughout this book we use the terms mass and inertial 
mass interchangeably. We saw in Chapter 3 that we could 
obtam the mass (or Inertial mass) of an obJect by applying a 
force to it and measuring the corresponding acceleration. 
The ratio E¿t/œ wIll be the inertial mass of the obJect. ÑNow 
there 1s no ø øz?ozr? reason why the gravitational force on an 
object must be proportional to the inertial mass. For all we 
know, 1t could just as well be proportional to the number of 
neutrons In the object. Actually the number oÝ neutrons per 
atom 1s approximately proportional to the mass of the atom. 
However, hydrogen, whether in gaseous or liquid state, con- 
taïns no neutrons, and then gravity would not act on hydro- 
gen. Liquid hydrogen would be weightless. But when we do 
the experiment and measure the gravitational force on hy- 
drogen (or anything else) we find that within the accuracy 
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Q.5: A nonaccelerating person must be weightless. True or 
false? 


Of our measurements, the gravitational force 1s proportional 
to the Inertlal mass of the object. Thịs is not true for the 
electrostatiec force, however. There #' = Q¡@Q;/72 is the force 
between two obJects I and 2, where Q¡ and @s are called the 
electrlec charges of obJects 1 and 2. We fñnd that obJects of 
large mass can have low electric charge and vice versa. 

Now Newton, to be more general, eould have written his 


universal law of gravitation as #' = G (S55) where @¡ and 


Qs are called the gravitational charges of obJeets 1 and 2 (not 
to be confused with electric charges). Ít then debpends upon 
expermnental observation to see whether €) 1s aÌways propor- 
tional to Äƒ no matter what the object. The poïint we are 
try"ng to make ïs that there is no a prior1 reason why gravita- 
tional charge (also called gravitatlonal mass) should be pro- 
portional to Inertial mass. Furthermore, 1Ý gravitatlonal mass 
and Imnertial mass turn out to be exactly the same, we have 
uneovered a new fundamental law of physies, Just as funda- 
tmental as the conservation of momentum, or Newton”s laws. 
"The ratio of gravitational to Imnertial mass has recently been 
measured with great accuracy for varlous đifferent elements 
and found to be the same for all substances within an exper1- 
mental accuraey of about one part In 1019, For these reasons 
1t 1s assumed that gravitational mass and inertial mass are 
one and the same. Einsteim”s general theory oÝ relativity uses 
thís baslc postulate as a starting point. 'Thịis equivalence of 
gravitatlonal and mertial mass is called the primciple of 
equivalence and is discussed in more detail In Chapter 11. 


kxample 7 
Show how an accurate measurernent of the period of a simple 
pendulum depends on the ratio of gravitational to inertial mass. 
Let Q; be the gravitational mass of the earth and Q¿ the gravita- 
tional mass of a pendulum bob made of substance A4. Then the 
gravitatlonal force on the bob 1s 


n.= 0960: 


The quantity G ( qc ) will be a physical constant depending on the 


t? 
size of the earth. Let øo stand for the size of this constant: 
_œ % 
So = =.. 
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Ans. ã: False. Á person sitting on a stationary planet would 
be nonaccelerating, but would still have welght equal to the 
gravitational foree of the planet on him. 


"Then 
Fạ = (Øo)đQ)A 


Accordimg to Eq. 3-9 in the derivation of the period of a simple 
pendulum, we had 


hạt _3 * 
Vín T22 
OF 
(Mụa) — x 
(øoQx) rz 
then 
ø _ Qiểo 
SẮ _ M: Jb 


In simple harmonic motlon, thìs constant must be 4z?/7'? (see p. 66). 
“Then 


¬... 
T?+Ì— MụL 


Tem, /E x 1a 
ẨØo V 


If the ratlo Ä⁄4/Q; varies with different snbstances, then changing 
the materlal of the bob should change the period of oscillation. 


OF 


According to the prineiple of equivalence, a laboratory 
undergoing acceleration 1s mathematically equivalent to a 
stationary laboratory under the Infuence of an equivalent 
gravitational force. One consequence of the principle 
of equivalence 1s that it is Impossible to tell Just what 1s 
the net gravitatlonal force on the solar system. For all we 
know there may be a large, distant mass (so far away 1t can- 
not be seen) which exerts a gravitatlonal attraction on our 
local region of the universe. According to the principle of 
equivalenee, all local obJects would “fall” m a condition of 
weightlessness toward the large, distant mass with the same 
acceleration and we would observe no local efect at all. We 
could not “'feel” whether or not we were falling, and we could 
not observe any relative acceleratlon with respect to our 
neighbors. We would think our local system was an inertial 
frame of reference whereas, from the point of view of the 
distant mass, we would be accelerating. In thĩs sense, the old 
definition of weight as the net gravitatlonal foree on an obJect 
would be meaningless. This is because In order to know the 
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Pr0llÌeins 


exact net gravitational force on an obJect, we must take Imto 
account all the distance matter In the universe, even though 
It cannot be seen. Further Implicatlons of the prineiple 
of equivalence will be discussed mm Chapter I1. The main 
point we want to make for now 1s that it looks like we cannot 
fully understand '= Äø or gravitation wIthout taking mnto 
account the mmfuence of the distant matter in the unIverse. 


1. Could the Cavendish experiment of weighing the earth be per- 
formed on Mars? Would ït give the same result? 


2. In Kepler's third law can we compare the perlod of the moon to 
the period of the earth? Can we compare the period of the moon to 
the period of a moon of Jupiter? Can we compare the periods o£ all 
of Jupiter's moons with each other? 


3. What are the units of G in meters, kilograms, and seconds? 
4. An elevator starts up from rest at the basement with an initial 
acceleratlon of 16 ft/sec?. 

(a) The passengers' apparent weight wIll be (mcreased, de- 
creased, remain the same). 
(b) The period of oscillation of a pendulum ïin such an elevator 
would (increase, decrease, remain the same). 
(c) When the elevator reaches a velocity of 32 ft/sec, it maim- 
tains that constant upward veloctty. Under this condition a 
passenger's apparent weight will be (increased, decreased, re- 
main the same) as compared to his weight when at rest. 


5. TÝ the earth had half its present điameter, its mass would be one- 
eighth of its present mass. What would be the value oŸ “ø” on this 
“half-sized” earth? 

6. If the moon had twice 1ts present mass, but moved 1m its present 
orbit, what would be its perlod of revolution? 


7. The mass of the moon 1s 0.012 that of the earth. Its diameter 
1s one-fourth that of the earth. What 1s the value of “ø”' on the sur- 
face of the moon? 


8. An elevator starts up with an acceleration of 16 ft/sec?. What 1s 
the apparent weight of a 60-kg man during this acceleration? The 
elevator then attains a uniform upward velocity of 32 ft/sec. Now 
what is the apparent weight of the man? What would be his 
apparent weight 1f the elevator cable broke? 


9. A man whose weight is 600 newtons gets into an elevator at the 
fiftieth foor ofa 100-story building and steps onto some scales. When 
the elevator begins to move, he sees that the scales read 720 newtons 
for 5 sec, then 600 newtons for 20 sec, then 480 newtons for 5 sec, 
after which the elevator is at rest at one end o£1ts track. 
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Prob. 14 


8000 
mỉ 


Prob. 17 


(a) Is he at the top or bottom of the building? 
(b) How high 1s the building? (Thịs same sort of method can be 
used to tell an astronaut how far his space capsule has traveled.) 


10. What 1s the weight of a 60-kg man 1n the rocketship of Prob- 
lem 19, Chapter 3? 


11. A 50-kg man starts shding down a rope. His downward accelera- 
tion is one-seventh of ø. 

(a) What 1s the apparent welght of this man? 

{b) What ïs the tension in the rope above the man? 


12. The newspapers claimed that the dog contained m Sputnik II 
was welghtless. However, this satellite was observed to be tumbling. 
Assume the tumbÌïng rate was one revolution every 10 sec and that 
the dog was 245 cm from the axis of rotation. What fraction of its 
normal weight would the dog then have? 


18. A rocket containing a 0.1-kg mouse is fred vertically. When the 
rocket reaches a height of 50 km and velocity of 980 m/sec, the fuel 
runs out. Then what is the apparent weight of the mouse? 


14. A new earth satellite is observed orbiting at a distance of 2 earth 
radii (8000 mi) above the surface of the earth. 
(a) lí the period oÝ revolution of a low-flying earth satellite 1s 
90 min, what 1s the perlod of thịs new satellite? 
(b) What is the centripetal acceleration of this new satelhte in 
terms of ø? 
(c) What is the centripetal acceleration of the moon In terms of 
8Ø? (The moon ïs at a distanece of 60 earth radii.) 


15. The centers of two identical spheres are 1 m apart. What must 
be the mass of each sphere If the gravitational force of attractlon 
between them 1s 1 newton? 


16. At some point between the earth and the moon, the gravitatlonal 
force on a spaceship due to the earth and moon together is zero. 
Where 1s this point? The earth-moon distanece 1s 240,000 mì and the 
moon has 1.2% the mass of the earth. The passengers In .Jules Verne”s 
trom the Earth to the Moon experienced weightlessness only when 
passing this poimt. Explain why thĩs 1s mncorrect. 


17. In the problem we shall design an amusement park ride capable 
of producing weightlessness for short periods of tìme. 'TWwo ““rocket”” 
cars are separated by a 20 m arm and rotated with velocity na 
vertical cIrcle as shown. What must be the value for ø for the passen- 
gers to be weightless when theïr car reaches the top? What would be 
ther weight when their car reaches the bottom? 


18. What is the value of “ø'”` 100 mi above the earth's surface? 


19. Knowing the value of G and that the distance to the sun 1s 93 
million miles, calculate the mass of the sun. 


20. TIf you know the distance from dJupiter to one of its moons, and 
the period of that moon, show how you could caleulate the mass of 
Jupiter. 


Chapter 4 | 3Ú 


Prob. 22 


21. What ïs the velocity 0 o£ an earth satellite in a cireular orbit of 
height ; above the earth”s surface? Express ø in terms of # (the 
earth's radius), ở, and ø (the gravitatlonal acceleration at the 
earths surface). Does the velocity mcrease or decrease as the 
satellite is being “slowed down” by aïr resistance? 


22. A satellite is in circular orbit at a height Ò above the earth's 
surface. 

(a) What is the gravitational force Im terms of h and other 

appropriate quantities? 

(b) What 1s the centripetal force? 

(c) What ¡is the net force? 

(d) What ¡is the velocity uin terms of Œ, Mf;, ầg, and h? 

(e) As h decreases, does 0 increase or decrease? 


23. Ifthe moon°s orbital velocity were doubled in such a way to keep 
it in a circular orbit, what would be the radius øf1ts new orbit? What 
would be ïts new period of revolution? 


24. At the position of the moon, what 1s the gravitatlonal force of the 
earth on a 1 kg mass? Also ecompute the gravitational force of the sun 
on a 1 kg mass at the position of the moon. The moon 1s 93 million 
miles from the sun and 240,000 miles from the earth. This problem 
can be easily worked without knowing GŒ or the mass of the earth or 
the mass of the sun. 
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Eig. 5-1. Shaded “triangles”` are areas swept out by planet 


in 1 sec at two đifferent positions of the planet. 


(Uạ lẫn > 


(DỊ), 


"There are several fundamental laws of nature that can 
be expressed mathematically as conservation laws. A con- 
servation law states that in a closed system some physical 
quantity (such as the total momentum or energy) remaIns 
conserved (unchanged) forever. By a closed system we mean 
a system of particles under no outside Influences whatsoever. 
There must be no external forces. This does not mmpÌy any 
restrictions on internal forces, however. The particles are | 
permitted to interact with each other as they please. The 
conservation laws studied ïn this chapter are all beleved to 
be exact, no violations having ever been observed. One of 
these conservation laws, the conservatlon of momentum, 
has already been presented in Chapter 3. We shall next 
study a closely related law, the conservation of angular 
momentum. 


5-1 Conservation of Angular Momentum 


Persistent rotation 


At the end of Chapter 4 it was noted that the derivation of 
the law of equal areas địd not depend on Newton's universal 
law of gravitation at all. Actually the law of equal areas Is a 
special case of the more general law of conservation of angu- 
lar momentum. In Flg. 5-1 consider any two triangles swept 
out by a planet in 1 sec. The areas of these two triangles are 
3R(ị), and }Ra(0;),, where 0, is the component oŸ 0 per- 
pendIiecular to #. 'Thus 


Rị x M(u), = R: x Mu); 


The quantity Ä⁄(0ị), 1s (P¡),, the component of momentum 
perpendicular to the line #¡. Thus 


lì x (P). = R¿ x (P›), (5-1) 


The quantity R x P, ¡s defined as the angular mornentum. 
Equation õ-1 says that the quantityv  x ¡ stays constant 
for every position ofa planet on its orbit. Ín other words, the 
total angular momentum of the solar system is conserved 
(it never decreases or increases). This is true whether the 
distance ## is measured to the sun or to any other non- 


94 


Í Fig.5-2. (ø) The “three dumbbells” demonstration. (ð) Stu- 
đent is handed a spinning wheel and then stops it. (e) Stu- 
đent starts up a wheel and then turns it over. 


60 cm 
 — 


Q.1: Does Ẩ¡ x (Pị), of planet 1 equal Ö¿ x (Pa), of 
planet 2? 


accelerating point in space. The law of conservation of 
angular momentum states that the total angular momentum 
of any closed system must remain constant forever. Thịs 
law holds no matter what the nature of the Interactions be- 
tween the particles. It has been well tested and no violations 
have ever been found. 


Exampte I1 

A lightweight student holds two heavy dumbbells with out- 
stretched arms while standing on a turntable. He is given a push 
until he is rotating at a rate of one revolution per second. Then the 
student pulls the dumbbells in toward his chest. What happens? 
Assume the dumbbells are originally 60 em from hỉs axis ofrotation 
and are pulled in to 10 em from the axis of rotation. Ignore the 
angular momentum of the student compared to that of the dumb- 
bells. 

The mitial velocity of the dumbbells is ủ¡ = 2zR¡/T)¡, where 
Rì = 60 em and 7; = 1 sec. The initial total angular momentum is 


tì? 
ang. mom. = 2Ï¡Äfu = 4z m 


1 


where ấMƒ is the mass of each dumbbell. After the dumbbells are 
brought to a distance #¿ = 10 em, the total angular momentum 1S 
R2 
Ta 


ang. mom. = 2J¿Mu› = 4z 


According to the law of conservation of angular momentum, these 
two expressions must be equal; so 


Rịề _ R? 
HS: 
R2? 
1à — —— ñ 
„ Re 1 
100 
T›ạ =— 1 
Ầ...... 
?ạ = c 
36 


We see that the student should end up spinning at a rate oŸ 36 
revolutions per second. Some physics teachers call this the three 
dumbbells demonstration. 


Another classic demonstration involving a student on a 
turntable is the spinning bicycle wheel (the tire is loaded 
with lead). The nonrotating student is handed a spinning 
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Ans. 1: No. The angular momentum of the sđzne planet stays 
the same. TWwo diferent planets wIll have different angular 
momenta. 


bicycle wheel and asked to hold it over his head and then to 
grasp the rim and stop the wheel as shown 1n Fïg. 5-20. Since 
there 1s no way to transfer the angular momentum to the 
earth, the student will then start spinning with the same 
angular momentum as that originally held by the wheel. 

Another form of this demonstration has a stationary 
student starting to spin the wheel while holding 1t over hs 
head. He, of course, w1ll start spinning in the opposite direc- 
tion with equal and opposite angular momentum. Now the 
stuđent 1s asked to turn the wheel over. Upon domg so the 
student will abruptly stop rotating and start rotating In the 
direction opposite to his original rotation so that his angular 
momentum 1s always equal and opposite to that of the wheel 
(the net angular momentum must remain equal to 1ts original 
value which was zero). Now lf the student grasps the rữn 
and stops the wheel, he wIll return to his orIginal statlonary 
situation. 


95-2 §enter-0f-Mass 
A :tueighted querage 


Figure 5-3 shows a closed system in motion. The closed 
system 1s a freely moving wrench that has a net external 
force of zero acting on 1t. Note that the angular momentum 
of the wrench is constant; the wrench rotates at a unlform 
rate about a poïnt marked with a black “x.” We shall now 
show that this special point which has no rotational motion 
in the absence of external forees 1s the center-of-mass. The 
+-component of the center-of-mass of a system of Ý particles 
is defined to be 


— Mixi + M;x¿ + --‹ + Mợxy (5-9) 
“ 1M 


*e 


where Ä⁄ is the total mass of all the particles, and xạ is the 
+-component of Rị, the distance to the first particle. The 
#-component of the veloeity of the center-of-mass 1s obtained 
by dividing both sides of the above equation by ¿. Then 
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_ Fig.ð-3. A freely moving wrench. The net external foree on 
this wrench is zero. Note that 1t rotates uniforrnly about its 
center-of-mass marked with black tape. (Courtesy Physical 
Sclence Study Committee.) 


Q.2: What happens to a statlonary student on a turntable 
who Is handed a rotating wheel, and then turns the wheel 
upside down? 


Mi(Dì); + Äf¿2(U2); + --- + ÄÍX(UN); 
1M 


(ị), 3E (P›); SE #oø sE (PN); 
M 


(De); 


P, 


1M 


where ,1s the x-component of the total linear momentum of 
the system. According to the conservation of momentum, 
P;, P„, and P; must remain constant 1f there are no external 
forces. Thus, whether or not the system 1s rotating, all three 
components of the velocilty of the center-of-mass must be 
constant, and thus the center-of-mass continues to move in 
a straight line Im the absence of external forces. Ïf a rigid 
body, such as a wrench, is freely moving and rotating m the 
absence of external forces, we see that the definition of 
center-of-mass requires that the center-of-mass have no 
acceleration or rotatlonal motion. 'This is why rigid bodies 
and systems of particles always rotate about their centers- 
of-mass. The law oŸ conservatlon of angular momentum re- 
quIres that the earth rotate about 1ts center-of-mass forever 
at the same rate, ignoring the tidal forces on the earth which 
are external forces coming from the moon and the sun. 


Exampie 2 

The mass of the moon ïs 1.2% of the earth's mass. If the distance 
from the earth to the moon 1s 340,000 mi, where Is the center-of-mass 
of the earth-moon system? 

Let us measure z from the center of the earth out toward the 
moon. Equation 5.2 then gIves 
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Fig. 5-4. The coIn starts moving (spinning) even though the 
vector sum of F¡ and E¿ is zero. 


Ans. 2: The student wilÌ spin on the turntable with £uzce the 
angular momentum of the wheel in the original direction. 


: — ÄMạxe + M„x„ 
C M,+M„ 


where x¿ = 0 is the position of the earth and x„ = 240,000 mi is the 
posttlon oŸ the moon. 


Ñ.<= _ Mụ _ „ 
“ò1 7A. 3 
0.012 : 
;=— 240000 
">5. sĩ 


+„ = 2850 mi from the center of the earth 


Since both the earth and moon must revolve about this point once 
each month, we see that the earth actually revolves about a poïnt 
within itself once each month. 


9-3 Statics” 
Ho to BeeÐ from rotaing 


We have seen that the total momentum and angular 
momentum ofa system wil] remain unchanged in the absence 
of any external force. Now we ask the question: Is it ever 
possible to apply external forces and still have momentum 
and angular momentum conserved? The answer is yes. Recall 
the example on page 60 of the wooden block being pushed 
agannst the wall. Then there were two forces on the block and 
theIr sum was zero. It is clear from Newton's laws that 1f the 
vector sum of aÌÌ the external forces is zero, then the momen- 
tum of the system will remaim unchanged. If the imitial 
momentfum of a rigid body 1s zero, it will remain zero 1f the 
vector sum of all the external forces 1s zero. 

But what about rotational motion? We know we can spin 
a con by applying two equal and opposite forces F¡ and Es, as 
shown In Flg. 5-4. Even though the vector sum of these exter- 
nal forces 1s zero, the angular momentum of the coin is not 
conserved. Angular momentum is distance tỉmes perpen- 
dicular component of momentum. Since rate of change of 
moimnentum 1s force, it can be shown that the rate of change 
of angular momentum 1s distance times the perpendicular 
component of the rate of change of momentum or force. The 
quantity ? x #, (distance times perpendicular component 


*Th1s section may be omitted 1f đesired. None of the subsequent material 
đepends upon it. 
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Elig. 5-ã. FamiÌy on a seesaw, 


Father 
Mother 

Chỉld ƒp. 

lì ——>|©— Ra —| Fa x 


Kì 


Q.3: If aÌl forces are m the same plane, how many useful 
simultaneous equations are given by Conditions I and II? 


of force) 1s given the name torque. The rate of change of 
angular momentum equals the torque. Torques that would 
tend to give counterclockwise rotation are defined to be 
positive in sign, whereas torques that would tend to give 
clockwise rotatlon are negative. The condition required for 
the angular momentum of a rigid body to remam fixed 1s that 
the sum of the torques must be zero. AÁ rigid body is said to 
be In static equilibrium T the forces on 1t are such that It wIll 
remam at rest. We can see that there are two conditions to 
be satisfed for static equrlibrium.* 


Condition I: The sum of the torques must be zero. 
Condition II: The vector sum of the forces must be zero. 


In the case of three external forces applied to positions #:, 
ñ›;, and 2 on a rigidd body, these conditlons give the 
equations 
f: X (FÙL + R¿ x (F2), + Ra x (RìI 

EFị+F;¿ + E; 


0 
0 


The distance ??, ?2¿, and ?s can be measured from any 
arbitrary poïnt. 


Example 3 

As shown in Fig. 5-5 a 70-kg father and a 50-kg mother are at the 
ends of a 6 m seesaw. Where should their 25-kg chỉld sit so that the 
seesaw can be balanced at the center? 

Let , ạ, and 3 be the weights of the father, mother, and ch1d, 
respectively. Let us measure the torques about the pivot. The father 
exerts a counterclockwise torque of ?#;, where #ị = 3 m. The 
mother and child exert cÌockwise or negative torques of — #z#› and 
— RsF›, where R¿ = 3 m and ?#; ïs to be determined. Condition I 
Ø1VeS 


Rịf) —- RaF¿ — RaFa = 0 
Solving for #a 

= R.Mìg — R,M.g 

— Mg 


R 


*As outlined above, Condition I is a direct consequence of Newton's laws. 
[t is not an independent law of nature as implied in some Introductory physics 
textbooks. 
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Fig. 5-6. Forces of man, wall, and ground on a ladder. 
Fyụy 


Wall 


Ans. 3: Three. Condition lÏ gives two equations~—one for 
each component of force. 


Exampte 4 

A ladder of length L = 4 m 1s leaning against a frictionless wall as 
shown in Eig. 5-6. The maximum frictional force the ground can 
supply before the ladder slips is È#; = 200 newtons. How far along 
the ladder can a man weighing 600 newtons climb before the ladder 
slips? Ignore the weight of the ladder compared to the man. 

Let the distance s denote the position of the man on the ladder. 
Let us measure torques from the point where the ladder rests on the 
ground. Then there are two torques: a positive torque due to the 
foree #;„ of the wall on the ladder, and a negative torque due to the 
weight #s of the man. The components of #„ and #s perpendicular 


to the ladder are Tgp and *, respectively. According to Condi- 


tion I the sum of these two torques 1s 


According to Condition IT, the sum of all the hor1zontal forces on the 
ladder must be zero, which tells us that #; = #„. Then 


V3; 200 
=-——j—= 3X — — kx⁄á4m-= 230 
S E v3 x mm x4m m 


In problems on statics there may be two or three unknown 
forces or distances to be determined. Conditions Ï and II can 
yield three siImultaneous equatlons which are sufficlent for 
solving up to three unknown quantities. The solution to sụch 
a problem 1s usually simplified by measuring the torques 
from a poimt at which one or more of the Íorces are ap- 
plhed. 


9-4 Energy 
‹Joules and ergs 


In the MKS system energy 1s defined quantitatively as 
follows: a body 1s given one unIt oŸ energy 1Ý a net force of ] 
newton 1s exerted on 1t for a đistance of I m In the direction 
of the forece. 'The unIts of energy would then be kg x m°/secŠ. 
However, as with force, the unit of energy 1s gIven a special 
name, the joule. In the CGS system the unit oŸ energy IS 
called the erg; a net force of I1 dyne exerted on a body over a 
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defttHion oỆ hinefic energy 


Q.4: Can kinetic energy be negative? 


distance of 1 em is 1 erg. The conversion is 


1 JjJoule = l1 newton x 1m 
= 105 dynes x 102? em 
= 107 ergs 


Kmefic energy 

Consider the ideal situation of a mass Ä⁄ foating freely in 
outer space. Then an external force #„t is suddenly applied 
to M. According to NewtonÌs second law the mass will 
suddenly start accelerating with acceleration ø = È‡„/M. 
According to Eq. 2-11 it will achieve a velocity 0 after moving 
a distance s where 


U2 — 2s 


2 =2 (Tà 


sY 


Or 
$Mu2 = Fex\' S 


Wb© see that the quantity ‡mu2? is numerically equal to the 
energy gIven to ÄM. One-halƒ the mass oƒ a body fimes tfs 
Ueloctty sqạuared is defined œs the binetlic energy (KE) oƒ a 
body. 


KE = 1M? 


Tf the mass had initial velocity oọ, then according to Bq. 9-11 


U2 — Dạ? = 2qs = ?(“zt): 


or 
$jMu2 — ‡Mluo2 = Fx\- S 


In this case we see that whatever energy #%„: : sis gIven to M, 
it must show up as an Iinerease In the kinetic energy of M. 
The energy given to a mass ÄMƒ by means of an external force 
1s defined as the work done on Äí. “Work” 1s Just another 
word for the energy gIven to an object by an external agent 
or force. We have Just seen in the ideal case of a free particle 
that the work done on the particle shows up as kinetic energy 
of the particle. 
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Ans. 4: No. Mass is always positive, and ø? must be positIve. 


9-5 Potential Energy 
Energy potentially aquatlable 


W© shall see that potential energy means Just what it says. 
First, let us consider the case of a mass Ä⁄ on the surface of 
the earth. Now an external force #‡„¿( = — $ is used to lift 
slowly the mass to a height 5. The work done wIÏll be 

W = Feu'h 
ST 

W = Mgh 
In this Iinstance the Increase In kimetic energy wIÌl be zero. 
Where dỉd the energy Mgh go? The answer 1s that an amount 
of energy Äøh 1s potentially available to be extracted In the 
form of kinetic energy. All we need do to extraet it is to let 
go of the mass. Then Xí will drop a distance ở, reaching a 
veloclty given by the formula ”2 = 2øh. Let us calculate 
how much kinetic energy this will be. 


KEB= 3muˆ 
3m(2gh) 
= Mpgh 


We see that the entire work done (W = Mgh) can be con- 
verted back into kinetle energy at wIÏl. 

Definition: The energy potentially obtatnable by uữtue oƒ 
the postHon of M ¡is defined as the potenHal energy . An 
alternate form of this 1s that potential energy 1s the work 
that must be done on Äƒ to move 1t agalnst a conservative 
force; by conservatIve force we mean a force that depends on 
the positlon of AM. In the above example  = Mgh. When- 
ever Ä is at height ở, the potential energy can be converted 
into KE by letting M drop back down the distanee j. Poten- 
tial energy means Just what It savs—It 1s energy that 1s 
potentially available. 

Note that the force required to move slowly Äƒ horizontally 
1s zero (neglecting frictlon) and hence no work 1s done Im 
moving Ä⁄ horizontally. If the mass Is Hfted to a height b by a 
roundabout path, the work done by the vertical ecomponent 
of force Is Ä⁄ø*h and that done by the hor1zontal ecomponent 1s 
zero. Hence the work done in moving Äfƒ a height ở 1s Aføh 
indebendent of the path taken. 
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definiion oƒ potenfial chergy 


Q.5: If two masses are pushed closer together, will their 
gravitational potential energy increase? 


Potential energy occurs whenever a mass Äƒ is under the 
InnÑuenee öŸ a force #„ that depends only on the position of 
the mass. Such a force is called a conservative force. The 
force oŸ air resistance which depends on velocity would be a 
nonconservative force. "Phe most general defimtion of 
potenfIal energy 1s gIven by the equatton 


ÀU = —F,° Às-cos0 (5-3) 


where Ø Is the angle between F and As, the displacement. lf 
the object is free to move starting from rest, the force F, wIll 
move 1t a distance Âs in the same đirection as F1 and accord- 
mg to the mmus sign im Bq. 5-3 its potential energy wIll de- 
crease. As the force speeds it up, its kinetic energy wIll cor- 
respondimngly mcrease. In the next section we shall show that 
the Imcrease In kinetic energy must be exactly equal to the 
decrease 1n potent1al energy. 


9-6 onservation of Energy 


Đecrease equdls the Increqse 


Consider a closed system of two particles oŸ mass zm and Xí. 
In general, there will be a force # between them. Actually, 
all objects (even light) are made up of elementary particles. 
Any two elementary particles have either an electric or a 
gravitatlonal force between them. (If they are eloser than 
1012 em thev may also have an additional short-range force 
because of the strong and/or the weak Interaction.) Let us 
now calculate the increase in kinetic energy oŸ our two Íreely 
moving objects. First consider mass w and for simplicitV 
assume 1£ moving 1m the same directon as the foree from Äƒ 
acting on it. The acceleration of mass 7 as 1t freely moves a 
distance Âs 1s 


.. 
— 


u^2 = Đọ? 


Using Bquation 2-11 which says that œ = “tr. 
S 


we obtain 


= = ) £ 1, 
24s ⁄H 
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Conserudaflon 0oƑ mechanicdl energy 


Fig. 5-7. A pendulum bob released from the horizontal 
position. 


⁄⁄⁄ 


Ans.5: No. In this case #, = F$@, the gravitational foree, and 
À# 1s m the đirection of ,. Henee the product #. + Às - eos Ø 
1S Đositive In Bq. 5-3. 


‡mu2 — }muog2 — F.- Às 
But according to Eq. 5-3 the right-hand side 1s — AU; hence 


‡mu? — }muo? = —(U — Ủạ) 
OF 
‡mu2 +  = ‡muo? + Ủa (5-4) 


W© see that the inerease In kinetlc energy 1s exactly equal to 
the decrease In potential energy. Another way ofstating this 
1s that the sum of kinetic energy plus potential energy stays 
the same, no matter where the particle goes. The same 
argument also holds for the second particle Xí. If there are 
three or more particles, a similar argument shows that the 
sum of the total kinetic energy plus the total potential energy 
of the system remains constant as long as there are no exter- 
nal forees. 

This in words is what 1s called the law of conservation of 
energy. It 1s an extremely useful relation. No matter how 
complicated the motions of the particles, iƒ at any øgiven tỉme 
we observe the positlons of all the partieles, we then can de- 
duee the total kinetic energy because the potential energy 
depends only on the positions. The following 1s an example 
of how to determine the kinetic energy or veloctty of an ob- 
Ject without knowing 1ts equation of motion. 


kxample 5 

A pendulum bob of mass w 1s held out in a horizontal position and 
then released. (This is not sinple harmonie motion because the 
approximation of small displacement does not apply im this case.) 
Lf the strmg 1s of length ⁄, what 1s the bob veloecity and what ïs the 
force on the string when the bob reaches its lowest positlon? See 
Fg. 5-7. 

The mitial conditions are øo = 0 and  = mgL. When at Its 
lowest position the bob has dropped a vertical distance Ù and now 
Ư =0. Ifo bs the velocity when at the lowest position, Bq. 5-4 says 


}mu° + 0 = 0 + mgL 
OF U2 — 2gL 
Uu= V2gL (5-5) 
Let 7' be the foree of the string on m. Thhen the net force on ?# is 
Thet = Ï — Fq = ma, 


where ơ¿ = 02/, 1s the centripetal acceleration of. Since # = ng, 
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Flg. 5-8. An example of the conservatlon of energy. The 
quantity (‡Äfu? + ÄMfgh) remains constant. (Drawing by 

“o. Soglow. @) 1959 The Ne Yorker, lnc.) 


- 


1 
Now substitute the right-hand side of Eaq. 5-5 for 02: 
"ca. 
L 


We now defne total mechanical energy as the sum of the 
total kinetic energy plus the total potential energy. We will 
use the symbol W for total energy rather than  because we 
will use the letter # later for electric feld. 


W = EBtsai + ta 


The law of conservatlon of energy 1s then 
Wì = W:s 


for any two times í¡ and á¿ as long as no external forces have 
been acting. 

So far our discussion has been restricted to conservative 
forces only. But IÝ we maintain the microscoplc or elemnentary 
particle poïnt of view, all forces are conservative because 
there are only four diferent kinds of forces (electric, gravita- 
tional, strong, and weak) and they are all conservative. Air 
resistance becomes conservatIve IÝ we explicitly take Into 
account the kinetilc and potential energles of each atr 
molecule. So from the microscople poïnt of view, the law of 
conservatlon of energy 1s completely general and applies to 
all phenomena. 

But sometimes 1 1s convenlent not to have to consider the 
kinetic and potential energles of each air molecule. We can 
then lump together all the kimetic and potential energles of 
the air molecules and for bookkeeping purposes call the 
energy of such random particle motion, heat energy. 'This 
macroscopIc approach to energy conservation 1s discussed in 
Section 5-10. 


5-J Potential Energy Diagrams 


Worth ten thousand tuords 


Let us now calculate and plot the potential energy oŸa 
mass 7 attached to the end of a spring. Here #, = —È*# 
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Fig. 5-9. "The force required to puÌÏ a spring a distance x 
plotted as a function oÝ x. 


F 


Average 
value of # < 
O x-axis 
Fig. 5-10. Potential diagram for a spring stretched 
a distanece #ọ. 
Lệ U =12k+x2 


according to Hooke”s law. The constant # 1s called the spring 
constant. According to the definitlon of potential energy, 
1s the work done ïn stretching the spring a distance x. As the 
spring 1s being stretched, the force is Increasing uniformly 
with distanee from zero to a value Éx. The work done will be 
the value of #' averaged over the distance + times x. #'asa 
function of x 1s shown in Fig. 5-9. We see that the average 
value of #' over the distance + 1s ‡È+x. The work done 1s this 
value 3x times the distance x or 


IÁ= 1hx2 


Suppose the mass 7 on the end of the spring 1s pulled (or 
pushed) until the spring 1s stretched (or compressed) a dis- 
tance xọ. Then the work W = $šxo? wIll have been done on 
m. This wIll be stored 1n the form of potential energy 
Ũ = ‡Èxo?. When we let go of the spring, in the absence of 
Ífriction, z wilÌ now oscTllate in simple harmonic motion back 
and forth forever. As x starts decreasing from its maximum 
value zo, the potential energy will decrease and the kinetic 
energy wilÌ inerease. 

Since KH +  isalways a fñxed value of energy for a closed 
system, the value of KB can be obtained convenlentÌy from 
what 1s called a potential diagram. 'Phe parabola in Fig. 5-10 
1sa plot of  versus x for a stretched spring. 'Phe horizontal 
line corresponds to the energy value WỨẹ = ‡Èxo?, which 1s 
the energy of a spring Imitially stretched to a distance %o. 
Because of the conservatlon of energy 


Kh +  — Wọ 
OF 
TH —= Vj 
height of height of 
n l§ line = le 
whích sayvs that the vertical distance from the curve 
(parabola) to the horizontal red line must be the kimetic 
energy at that value of z. 
Note that thís distance plus (the distance from the curve 
to the x-axis) is Wo, the total energy of the system, which 


must be conserved. Thus the value of KE for any position 
can be Immediately obtained from the potential diagram. 
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Eig. 5-I1. Same as Fig. 5-10 except that the zero position 
on the energy scale has been changed. 


Q.6: If the energy scale of Eig. 5-10 had been chosen such 
that the red lme became the new x-axis, what would be the 
value of the total energy? 


W© shall fnd potential diagrams very useful in later chapters 
where we treat more complicated forces than those of a 
spring. 

Actually, all that ever enters m physIcs are potential 
energy dđifferences. Hence the position from which zero 
energy 1s measured 1s arbitrary. We shall show this by 
changing the zero on the energy secale of Fig. 5-10, keeping 
everything else the same (see Fig. 5-11). Now we wish to 
determine the kinetlc energy when x = +ị. The rule 1s still 
the same; merely measure the vertical distance from the 
curve to the red line. In Fig. 5-11 this is labeled ø. Note that 
this distanece on the vertical axis 1s mdependent of where we 
choose our zero. Here we have chosen our zero In sụch a way 
as to make the potential energy and even the total energy 
negative. lf œ and ö are taken as positive numbers, the 
potential energy at # = x\ 1s 


Ữ = -({œ + Ð) 

and the total energy 1s 

Mi = =Ù) 

Asa check, we take the difference 

Wọ—=U =(-0) -[-(ø + ?)] 
= 


which 1s the kimetlc energy as It should be. 


9-8 6ravitational Potential Energy 
The toorb tnuoÌued tn getting oƒƒƑ the carth 


So far our examples of potential energy have meluded the 
stretching of a spring (Ư = ‡Èx?) and the lifting oŸ a mass 7: 
at the surface of the earth (U = mzh). Let us now consider 
the more general situatlon of lifting a mass to a distanee far 
from the surface of the earth. Here the gravitational force 
#ẹ¿ 1s not constant but decreases Inversely as the square of 
the đistance from the center of the earth: F¿ = GMin/r°, 
where Ä⁄, 1s the mass of the earth. We wish to calculate the 
work done In moving a mass z from a distance # (radlus of 
the earth) to a distance r, both measured from the center of 


Ângular mI0mentUum anti energy | 10T 


Eig. 5-12. In order to calculate the work done 1m lifting a 
mass away from the earth, the distance ( — ?#) ¡s divided 


Iin£o small intervals. 


Ans. 6: Zero. 


= 
_- 
= 
® 
® 
S= 
© 
> 
$ 
—= 
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ò 
El 
= 
“«h 
Đ 
° 
= 
s 
S 
ø 
+ 
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the earth. Thịs calculation 1s not as sừmple as before because 
the Íorce Is neither constant nor changing uniformly with 
distance as with the spring. 

In this caleculation we are forced to break up the distance 
from ? to r mto many small intervaÌs so that over each In- 
terval the force #g will be almost constant. Then we are able 
to calculate the work done ïn each interval. The work done 
over the entire đistance is obtained by adding up that done in 
each of the intervals. At the beginning of the first imterval 
the force #q@ 1s GM,m/R2, and at the end of the frst Interval 
1È 1s GMym/rị?. See Eig. 5-12. These two values are almost 
exactly the same. For convenience we wilÌ use an average 
value #q = GMf,m/Rrị. The work done in the first interval 1s 


GM,m 
lrm 


Wì = Fe(rq — P) = (1 — H) 


OF 


= ) 
Wà = GMen (D 1) 


In the second interval the average force 1s 


jn= GM.m 
rịra 
and 
W; = S0 á0 LC — rị) = GMm ( — =) 
P1Ta tì ta 


Simllarly, the work done in covering the third Iinterval 1s 


Wa = GM,m (: = 3) 


tạ ra 


W©e now add together the work done m the first three 
1ntervals: 


Note that the intermediate vaÌues 7¡ and r; canceÌ out and 
only the values of r at the two extreme ends (# and zạ) 
remam. This must also be the case IÝ we add mm all the re- 
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8rauttaHondl potenttdl energy 


EFig. 5-13. Plot of gravitational potential energy as meas- 
ured from the surface of the earth ( = 0 when z = #‡). 
Dashed line is approximation  = mgh which holds near 
the surface of the earth. 


Q.7: In Eig. 5-13 what 1s the value oŸ Wo m terms of m, Ø, 
and ?‡? 


maining intervals from zrx to r. Then all that remains is 


MƯ = GII, l§ —_ 3) 

về. DU: 
The preceding 1s the work done in moving a mass m against 
the earth's gravitational feld out to a distance z. By defni- 
tion thìs is the gravitational potential energy of mm in the 
fñeld of the earth: 


U = GM¿m L„ = 1) (5-6) 
1s the gravitational potential energy. This equation 1s plotted 
m Eig. 5-13. 


Examp‡e 6 

Show that for (r — Ñ), small compared to #, U approaches mưh 
where h = (r — Ñ). 

According to Ea. 4-3, 


GŒM, = gl? 

Substituting ø#2 for GM,in Bq. 5-6 g1ves 

U = (gR?)m lp = 3) (5-7) 
R JƑ 

. mgR(ứứr — R) 


r 


When r is almost equal to ?Š, the denominator r can be replaced by #. 
Then 
mgit? — R) 


U-= 
? 


= mg(r — R) = mgh 


5-9 Velocity of Escape 


Hou' to get quay from tt œÌÌ 


After a rocket's motors are turned of, the sum of 1ts KE 
and potential energy must remain constant. Initially the 
rocket”s potential energy is zero and 1ts KE 1s ‡nmu°, where 0 
is the velocity given to the last stage by the rocket motors. 
If the rocket is aimed straight up, 1t wIll travel away from 
the earth, slowing down all the while unti] It reaches a 
maximum distance r„a„ and then falls back. At this maxi- 
mum distance all the rocket's kinetic energy has gone n(o 
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Ans.7: Atr—= 2F, Wa = U; hence VỨạ = mựIP [ = sgÌ= 
jÑ Đã 


‡mglt?. 


Uelocity 0ƒ eseqpDe 


gravitatlional potential energy. According to Eq. 5-7 the 
imitial kmetfic energy 1s equal to 


} am —= (5-8) 
LÍ the Imtial velocity 0 1s known, this equation can be used to 
determine the maximum possible height of the rocket. 


Exumple 7 

A rocket given the circular velocity 0u = ð mi/sec is fñred stralght 
up rather than parallel to the earth”s surface. How far from the earth 
wIll it go? 

The condition for circular velocity 1s that the centripetal accelera- 
tion ø,3⁄] = ø (see page 41). The initlial kinetic energy 1s obtained 
by substituting ø# for 02: 


‡mu,° = ‡m( gR) 


Sinee the mitial potential energy is zero, the total energy 1s the initial 
kinetic energy or 


Wo = }mgR 
“Phïs is indicated by the red line in Fig. 5-13. When r = rmax, KE = 0, 
and using Bq. 5-8 we have 


Wo =0 + mạR*(T — ——-} 


max 


Tmax 
BI Lên: 
2 P PTmax 
max 210 


'Thus the maximum hetght attained would be 4000 mi, 


An mteresting phenomenon occurs when the initial kinetic 
energy 1s equal to or greater than m#Ÿ#. LÝ the value ;nø# 1s 
used for the left-hand side of bq. 5-8, the quantIty ]/rmay = 
Ó or rmay = %. Physically this means the rocket would never 
come back—its velocity would never be slowed down to zero. 
Thĩs speclal value of velocity that makes the kimetic energy 
equal to znø?? 1s called the veloclty oŸ escape 0g. The kinetle 
energy 


3mUp? — mẹ 


v⁄2g? 


UR 
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Q.8: IÝ the kimetic energy of a low-fy1ng earth satellite 1s 
doubled, will it eseape? 


Note that the velocity of escape is exactly v⁄2 times the 
circular velocity. Thus the veloeity of escape is 1.414 times 
5 mi/sec, or about 7 mi/see. 


Example 8 

What fraction of the escape velocity is needed to send a rocket as 
far out as the moon? 

The distance to the moon is 60 earth radii. Substituting 
Pmax = 608 Into Ba. 5-8 gIves 


3U? = mựgR l§ 1 ) 


R 60R 
: 1 
U2 = 9 h ị = mm) 
= 60 
59. 
= ——Ù, 
. 60 ” 
ò = 0.990 


The velocity needed to reach the moon is 99% of the eseape 
velocity. 


9-1 Friction and Heat 


Energy oƒ the imcroscopie ioorid 


There are many common forces that do not depend on 
position alone. Air reslstance is one example. The forces of 
alr resistanee and other forms of friction are aÌways opposed 
to the direction of motion. These frictional forces depend on 
the dưecton of the velocity and on the magnitude of the 
veloelty. Suppose a wooden block is slowly pushed a distance 
x along a rough table. Let the frictional force of the table on 
the block be # Then the work done to overcome this force 
and move the bloek a distance x is W = #/-x. After this 
much energy 1s expended, the kinetie energy of the block has 
not Imcreased and 1ts potential energy aÌso has not inereased. 
Where dịd the energy go? We observe that some heat 1s 
generated whenever the block is pushed. When physicists 
first learned how to measure heat quantitatively, they dis- 
covered that the amount of heat produeed is alwayvs bropor- 
tional to the amount of work done against frictional forces. 
This proportionalitv factor is known as the mechanical 
equivalent of heat. As we shall learn in the next chapter, heat 
energy Is 1n reality the same mechanical kinetic and potential 
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Ans. 8: Yes, but Just barely. By doubling the kinetle energy 
we double 0°, or inerease ø by v⁄2 which is exactly the 
veÌocity of escape. 


energy that we have Just studied; but 1t 1s the kinetic and 
potential energy of the individual molecules that make up 
the physical obJect. Thus the heat energy is not as readily 
apparent as the kinetic and potential energy oŸa macroscopie 
physical obJect. 

Heat energy should be thought of as mieroscoplc kinetic 
and potential energy, whereas ordinarily the terms kinetic 
and potential energy are macroscopic In usage. Because the 
conservation of energy must hold for small particles as welÌ 
as for large objJects, the law of conservation of energy must 
also mclude heat energy. So the sum of the kinetic plus 
potential plus heat energy of any closed system must remain 
conserved. If an external force #+„t 1s applied over a distance 
Ax, then the law of conservation of energy takes the form 


F@xv' Âx = (}MU2 — }Mog?) + (Ú — Uo) + F¡: Ax (5-9) 


Or 
(work done) = (increase in KE) 
+ (mcrease In Ứ) + (inerease in heat energy) 


Note that mathematically a decrease is a negative Increase. 
Equation 5-9 can be obtained by applyIing Newton's second 
law to the small displacement Ax oŸ a mass Ä⁄. The net force 
1s the applied force #2pp plus any force #_ that gIves rise to a 
potential energy minus the force of frictlon #7 

Thiet = đang TU c — lý 
(Hux + lồ — THỊ TU = Ma- Àx 
According to Hq. 2-11 we can substitute ‡{02 — 0o?) for the 
quantity (ơ : Ax). Then 
Tu Ax + Fc* Ax — Fị: Ax = M-}(U2 — 0ạ2) 
F§ut t ÂxX = }MU2 — }Moo? — Fẹ+ Ax + Fr- Ax 
According to Eq. 5-3, the quantity — #1. * A+x is the inerease m 
potential energy. Replacing it with (Ú — ÙỨa) gives 


F$xt a.= (} Mu? = }Mua®) Si diệ = Ua) SE TT" ^Ax 


In our discussion of energv we have so far only used forces 
that are parallel to the displacement. However, the above 
derivatlon can be easlly adapted to the more general case 
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Eig. 5-14. Work 1s done in pulling sled against gravity and 


friction. 


30° 


> 
ÑN 


where #'and Az are not parallel. The adaptation 1s merely to 
replace each force by the component of that force along Âz. 
'Thus in the general case, work is the produet of displacement 
times the component of foree in the direction of the displace- 
ment; that 1s, 


(work) = #$„t' Âx * cos 8 


Note that the đisplacement of an objeet is in the direction of 
Its velocity. If the force is always perpendicular to the 
veloeity, as in the case of a centripetal force, cos Ø = 0 and no 
work 1s đone. 


Exampie 9 
"The mass ofa boy plus hïs sled is 20 kg. The snow exerts a frictional 
force of 50 newtons. 
(a) How much work is required to pull the boy and sled for 100m 
along a ö0°slope? 
(b) Now that he has reached the top, the boy slides baek down on 
the sled. What will be his velocIty and kinetic energy when he 
reaches the bottom? 
The work đone in pulling the sled up the hHl will he the Increase In 
KE (which is zero) plus the Increase in  which is M⁄øh plus #¿times 
the distance the sled 1s pulled. Thus q. 5-9 gives 


(work done) = 0 + Mgh + F;-s 

where s = 100m,  = 50 m, and # = 50 newtons. So 
(work done) = (20 x 9.8 x 50 + 50 x 100) Joules 

= (9800 +- 5000) Joules 

= 14,800 joules 


In part (b), the work đone is zero and the change m potentiaÌ energy 
is just the reverse of the above. The heat energy generated (5000 
Joules) must be the same in both cases. Thus for the downhill run 
Eq. 5-9 becomes 


0 = }Äu2 — 9800 Joules + 5000 ]Joules 
1A/u? = 4800 Joules is the kinetlc energy 
'The velocIty 1s 


= x 4800 Joules 
% M 


U = 21.9m/sec 


U = 


Example 10 
A 1-kg earth satellite is circling the earth at a height of 30 km at 
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Eimstein mass-energy relafion 


the tĩme of re-entry. How much heat energy wiÏll be generated during 
re-entry? 

In this example ủẹ is the circular veloclty of 8 km/sec and 
(U — Ua) = — Mgh where h = 30 km. Thus Eq. 5-9 becomes 


0 = (0 — }Mua°?) — Mgh + (heat energy) 


OT 
(heat energy) = }Äuo? + Mgh 


As we would expect, the law oŸ conservation of energy says that the 
mitial'kmetic plus potential energy get converted mto heat energy. 
Putting In the numbers we obtaïn 
(heat energy) = ‡(8 x 103) + 9.8 x 3 x 101 Joules 

= 32 x 108 + 0.29 x 108 Joules 

= 32.3 x 108 Joules 

This example 1llustrates the mam problem of re-entry—the heat- 

ing up of the satellite. For example, 1 kg of aluminum heats up 1°C 
for every 103 Joule increase In heat energy. We see that 1Í even ]ust 


1% of the heat energy generated m re-entry stays w1Ith an aluminum 
satellite, 1ts temperature w1ll merease by about 300°C, 


5-11 Equivalence of Mass and Energy 


The 0ast, but unobtarnabÌe energy 1n a pừich 0ƒ sand 


In the last two sections of this chapter we shall see that 
there 1s an unlimited supply ofenergy all around us, but none 
of1t can ever be utilized. 

As noted ín the discusslon of bạ. 3-6, the theory of rela- 
tivIty requIres that If the velocity or energy of a partiele Im- 
creases, so does 1ts mass. The relatlon between mass Increase 
and energy Increase turns out to be a particularly simple one. 
Eimnstem found that relativity theory required that 
l1 CA 


c2 


where A3 1s the Increase in mass corresponding to an energy 
Increase AW, Einsten proposed that the entire energy ofa 
mass Äƒ must be 


W = Mc2 (5-10) 
where e = 3.0 x 108 m/sec 1s the speed of light. Thịis says 
that 1 kg of sand must contaim 1 kg x (3.0 < 103 m/sec)? or 


9 %x 1018 joules of energv. Thịs 1s almost twlice the entire 
electrical energv consumed by the United States Im a week. 
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But even though such unlimited energy 1s there ín the 
sand or any other matter, It is Inaccessible. Obtaining useful 
energy from mass was strictly forbidden by the old law of 
conservation of mass. Thhïs law states that matter can nelther 
be created or destroyed. However, we now know this is not 
quIte true. The modern version of the law of conservation 
of mass which forbids the extraction of energy from sand 1s 
discussed In the next section. 'Phere are, however, examples 
of the conversion of rest mass Into energy and vice versa. 
(The rest mass of a particle 1s defined as the mass of the 
particle when Its veloeity 1s zero.) For example, when matter 
1s bombarded by hiph energy protons, new elementary 
particles are coplousÌy produced (see Chapter 16). In such a 
process the kinetic energy of the hỉph energy protons 1s 
directly converted into the rest mass of these particles. san 
example of the reverse process, some of these particles decay 
spontaneously, thus converting their rest mass back Into the 
kinetic energy of thelr decay produets. We should note, how- 
ever, that according to ñq. 5-10, kinetic energy must also 
have mass and that strictly speaking 1t 1s not correct to say 
mass can be converted to energy or that energy can be con- 
verted to mass. (This is contrary to what appears In some 
popular textbooks.) Because the total amount oÊ energy m 
the universe must be conserved, so, according to Eq. 5-10, 
must the total inertial mass m the universe remaïn constant. 
The mass that 1s not conserved 1s the rest mass. Ít 1s rest 
mass that can be converted into kinetic energy and vice 
versa, and even here there 1s a severe constraint that 1s dis- 
cussed In the next section. 


5-12 Conservation of Heavy Particles 


ĐProtons and neufrons ƒorcUer 


Ordinary matter is made up of atoms. Atoms are made 
up of atomic nuelei surrounded by orbital electrons. The 
atomic nuclel are each made up of protons and neutrons 
which are roughly 1800 times heaviler than electrons. For 
this reason protons and neutrons are called heavy particles. 
The law of conservation of heavv particles states that the 
total number of protons and neutrons In any eÌosed system 
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must remain constant. As we shall learn in Chapters 15 and 
16 these protons and neutrons can still interact violentÌy 
wIth each other by such processes as fusion, fssion, and 
nuclear transmutation. In fact, neutrons can change Into 
protons and vice versa. However, in all these possible nuelear 
imnteractions the total number of protons plus the number of 
neutrons are always observed to remain constant.* No one 
has ever observed the rest mass of a proton or neutron con- 
vert Into other forms of energy. The law of conservation of 
heavy particles rests on a great deal of experimental 
evidenee. According to this law we can never utilize the vast 
energy contained in a handful of sand. 

On the other hang, ït 1s possible to obtain a limited amount 
of nuclear energy. In atomic nuclel, protons and neutrons 
attract each other with very strong forces. These nuclear 
forces contribute a large amount of potential energy to each 
nucleus. Ín processes such as nuclear fission and fusion some 
of this potential energy can be converted into kinetic energy. 
Thịs 1s the energy source of nuclear reactors and nuclear 
bombs. Thhese subJects and the application of the law of con- 
servatlon of heavy partieles to antimatter and other heavy 
elementary particles are discussed in Chapters 15 and 16. 


1. Suppose the wrench of Fig. 5-3 had been thrown up in the air 
at an angle of 45° to the horizontal. What, then, would be the path 
Of 1ts center-of-mass? 

2. The steady-state theory of the universe postulates that neutrons 
are spontaneously produced (at a very low rate). Which conservation 
laws does this theory violate? 


3. A cat when released from an upside-down position always lands 
upripht. Is this a violatlon of the conservatlon of angular 
momentum? 


4. A spimning top 1ƒ grabbed by hand stops spinning. Where does 
the angular momentum go? (Hi: Suppose this was done by a man 
standing on a turntable.) 


“An antiproton is an anti-heavy partiele. In other words a proton pÌus an 
antiproton 1s a total of zero heavy partieles. Hence in counting heavy particles 
we count each proton or neutron as +1 and each antiproton or antineutron 
as —I. 
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5. An earth satellite is in an elliptical orbit as shown. 
(a) Is the kinetic energy greater at A or 8? 
(b) Is the potential energy greater at A or 8? 
(c) Is the total energy greater at A or Ö? 
(d) Is the angular momentum greater at A or 8? 


6. A uniform meter stick has a mass of 100 gm. A 50-gm mass is 
attached to the 100-cm reading. What will be the reading of the 
center-of-mass? 


7. An Ice cube is released at the top of a hemispherical bowl and 
without friction roeks back and forth between the two edges. The 
mass of the cube is 30 gm; the radius of the bowl, 20 em. 

(a) When the cube passes the bottom of the bowl, what is its 
velocity? 

(b) At the bottom what force does the bow] exert on the cube? 
(c) TÝ the cube 1s allowed to oseillate through a small are at the 
bottom of the bowl, what 1s its period of oscillation? 


8. The rim of a 0.8 m diameter bicycle wheel has a mass of 1.5 kg. 
What 1s the angular momentum of the bicycle wheel when the 
bicycle has a veloclty of 3 m/sec? Ignore the mass of the spokes. 


9. A car1s traveling at 60 mph. How much faster must it go in order 
to double 1ts kimetic energy? 


10. A lightweight meter stick has a heavy mass fxed at the top end 
and is pivoted at the bottom end. When released the mass wIll follow 
the circumference of a 2 m diameter circle. What will be the 
maximum velocity and maximum centripetal acceleration of the 
mass? 


11. A 5-gm mass Is moved from poïnt A to point 8. Assume the mass 
experlences a constant electrostatic force of 2 dynes pointing to the 
left over this entire region. How much work must be done to move 
the mass from A to Ö. Dĩd its potential energy increase, decrease, or 
remam the same? 


12. (a) How much work 1s required to push a 10-gm mass up a fric- 
tionless melined plane whose length is 3 m and whose height 1s 
0.5 m? 
(b) Now assume of force of friction between the mass and the 
ineclined plane of 700 dynes. How much work must be done to 
move the mass up the plane? 
(e) Suppose an applied force of 3000 dynes is used to push the 
mass up the incline (assume the same frictional force as (b)). 
What would be the velocity of the mass when it reached the top 
of the meline2 


13. A firecracker is moving with a veloeity of 10 ft/sec. Suppose 1t 
explodes Into Just two pieces of equal mass. TÝ one of the two pieces 
has zero velocity just after the explosion, what is the ratio of the 
final kinetic energy to the mitial kimetic energy of the firecracker? 
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14. Block B ïs at rest on a frictionless surface. An identical block A 
Is attached to one end of a string of length ?#. Block A ïs released 
from the horizontal position and collides with Ö. The two blocks 
stick to each other and move together after the impact. 

(a) What 1s the veloclty of the two blocks immediately after 

Impact? 

(b) How far will they rise above the surface? 
15. An 800-gm toy trai 1s being pulled with a constant force of 100 
dynes« At first the traïn speeds up from rest and then reaches a con- 
stant veloclty 0ọ. I2 103 ergs of work are done every second, what 
1s 0ọ? (How far must the trai go m order to perform each 2000 ergs 
of work?) 


16. A certam roller-coaster rises 50 m. If the next rise is 40 m after 
120 m of track, what 1s the maximum permissible value of the fric- 
tional force on a 500-kg car? (If #; were any larger, the car would 
not be able to reach the top of the second rise.) 


17. A 1-kg block slides down an imclmed plane starting from rest 
at the top of the plane. The velocity of the block at the bottom of the 
plane 1s 100 cm/sec. 
(a) What 1s the work done by this frictional force? 
(b) What ïs the constant force due to frietion? 
(c) TẾ the inclined plane is given a coat of oil and the frictional 
force Is reduced to one-tenth of its previous value, what would 
be the new velocity of the block at the bottom of the plane? 


18. In Problem 11, Chapter 3, how much KE was lost in the col- 
lision? Where did the energy go? 


19. In Problem 14, Chapter 3, what 1s the velocity of Ä⁄; after it has 
moved up 50 cm? (Hiín(: determine mitial and f8nal potential 
energles of both masses.) 


20. In the three-dumbbell example on page 95 what is the inital 
and fnal kmetic energy of the dumbbells? Where diịd this additional 
energy come from? The mass of each dumbbell is 20 kg. 


21. A 15-kg sign 1s supported as shown by a wire. What Is the tension 
1m the wire and what 1s the force of the sign against the wall?2 


23. Consider a car of mass 1000 kg. When on a level road it always 
takes a force of 500 newtons to push 11 slowÌy at a constant velocItv. 
(a) What is the frictional force in newtons2 
(b) lf a force of 1000 newtons ¡is applied, what will be the 
acceleration of the car? 
(c) HÍ the car is parked on the side of a hill and the brakes give 
out, how far wil the car coast before coming to rest ïf1ts vertical 
height on the hill was 10 m above the level ground? 


23. All examples of simple harmonic motion have 7 = ‡#x° where 
b=Fx. What s the maxirnum potential energy of a simple 
pendulum In terms of 3ƒ, ø, L, and xạ? What is the maximum velocity 
m terms of ø, L, and xo where xo is the maxImum displacement? 
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24. If the mass of the ladder m Example 2 is lỗ kg, how far can the 
man climb before the ladder slips? 


2ã. A 10-kg ladder is resting at 45° against a frictionless wall, What 
1s the force of the ladder agaInst the wall? 


26. A certain uranium nucleus containing 92 protons and 143 neu- 
trons absorbs a neutron and then fssions into 2 fssion products and 
4 neutrons. lf one of the fission produets 1s Cs137 (55 protons and 
82 neutrons), how many protons and neutrons w1ll there be m the 
other fission produect? 


27. A toy roller coaster works as shown. The car 1s gIven a gentle 
push at position A so that it starts out with essentially zero velocity. 
It slides down the frictionless track and travels around on the inside 
of the circular loop of radius ?È. The height ở is such that the car can 
just barely make the trip around the loop without losing contact 
with the tracks. What is ở in terms of #? What force does the track 
exert on the car at poïnt 8? 


28. Consider a solid sphere starting from rest and rolling down an 
meline. Assume that the kinetic energy of rotation 1s always equal 
to the kinetic energy of translation (1⁄0?) where 0 is the velocity of 
the center of mass. It can be shown that the total kmetic energy 
mmust always be the sum of the two. 

(a) What will be the total kinetic energy of the sphere when at 

the bottom? Ốive answer In terms of Ä⁄, ø, and ở. 

(b) What will be ø when at the bottom? 

(c)_ What is the acceleration of the center of mass In terms oŸU 

and 7? 


29. “The figure represents the potential energy diagram for an atom 
Ina molecule. The quantities ø, ð, and e are amounts of energy (they 
are posifive). Wạ = KE + . Express the following quantities m 
terms of ø, b, and e when the atom Is at position xạ. Do not Ignore 
mỉïnus signs In your answWer. 

(a) What is the potential energy? 

(b) What ïs the kinetic energy? 

(e)_ What ¡is the total energy (excluding rest energy)? 

(d) What ïs the energy of dissociation (the amount ofadditional 

energy needed to remove the atom from the molecule)? 
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TABLE 6-I TABLE 0F DENSITIES 


Substance 


Nuclear matter 
Center of sun 
Platinum 

Gold 

Mercury 

Lead 

lron 

The earth 
Aluminum 

Water 

lce 

Balsa Wood 

Air 

Best man-made vacuum 
Interstellar space 
Interglactic space 


Density in øm/cm3 


2x 1012 
100 


Pressure 


The kinetic theory explains the macroscopic properties of 
gases In terms of the laws of mechanics applied to the gas 
molecules. Before presenting the kinetic theory, we must first 
introduce some of the macroscopic concepts such as density 
and pressure. 


6-1  Density 
—_ Water ¡is one 


The denstfy 0ƒ body is defined as the quofIent M/V, tuhere 
ÀM is tís mass and V ¡s ts 0olưne. 


lửi : 
D= Ỹ (6-1) 
W© recall that at the time the metric system was being 
devised, 1t was necessary to đecide on a standard unit of mass. 
Thịs unit, the gram, was defined to be the amount of mass m 
I cc of water. Thus the density of water is convenientÌy 
1 gm/cm3. In the MKS system the density of water is 


lạm _ 103kg ~ 103.FE 


0 TÔ =6 Ai 
2tr — '(1em)3 — (10? m)3 m8 


"Table 6-1 lists the densitles of varlous substaneces. 


8-2 PresSure 


Korce on d surƒqce 


When a fuid (liquid or gas) 1s contained in a contaimer, the 
ñuid will exert a force on each elerment of area of the con- 
taimner. As an example consider the gas inside a balloon. If we 
continue blowing aIr Into the balloon the pressure keeps In- 
creasing until the force exerted on the rubber 1s so great that 
the rubber breaks. The pressure Pm q fuud !s deffned qs the 
ƒorce per unit areq exerted on the contqrncr. 

hà ` 
ID nn: (6-2) 
In the CGS system pressure 1s measured m dynes/em3, and 
m the MKS system 1t 1s newtons/m2. The direction of the 
force 1s always perpendicular to the confining surface no 
matter how the surface 1s orlented. If we could construet a 
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Fig.6-2. Forces on two pistons oŸa hydraulic pump. 


Fig. 6-3. Column of liquid of height ở and area A. 


Fig. 6-1. Forces on cube immersed in Ñuid unđer pressure P. 


small, hollow cube with thin metal surfaces of area A each, 
and Immerse this empty cube into a fuid that 1s under pres- 
sure Ð, the force #'on each surface of our hollow cube wiÌ] be 
F.= PA no matter how the cube is orlented. In any smalÏ re- 
gion of a fuid at rest, the pressure will be the same in all 
directions; otherwise there would be a net foree on a small 
cuhe of the fuid and it would move. Ignoring gravity, the 
pressure exerted on a container must be the same at alÌ points 
on the container, independent of its shape. 


Example 1 

An automobile raeck is lifted by a hydraulic pump which consists 
of two pistons connected by a pipe as shown in Eig. 6-2. The large 
piston is 1 min điameter and the small piston is 10 em im diameter. 
If the weight of the car 1s #ø, how much smaller a force 1s needed on 
the small piston to Hift the car? 

Both pistons are walls of the same container and hence experlence 
the same pressure. Let ị = #1/A¡ be the pressure on the small 
piston, and Ðạ = Ƒz/A; be the pressure on the large piston. Because 
Pì = P;, we have 


Lâu Tố, 
TS TT 
Án 
F,.= F.—— 
I] ¬n: 


"The ratio 4⁄4; is 1/100 because the areas go as the square of the 
điameters. Thus #) only need be 1% of the weight of the car. 


6-3 Hydrostatics 
Liqutd dt rest 

When a volume of liquid is under the infuenee of gravIty, 
the weight of the liquid on top is exerting an external force 
on the liquid below. For thịs reason underwater pressure In- 
creases with depth. Consider a cylinder of area 4 holding a 
lquid of density D and height » asin Fig. 6-3. 'Then the force 
exerted on the bottom of the cylinder 1s the mass of the 
liquid Äf¡a times Ø. 
ˆ= (Mua)g 


According to Eq. 6-1, the mass of the liquid is Ù times the 
volume (4*). Thus 


 = (DAh)g 
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Fig. 6-4. The mercury barometer. 


—— 


The pressure 1s obtained by dividing both sides of the above 
by 4: 


 _ DAhg 
A 4A 
or 
Ð= Hi}: (6-3) 


The above formula does not depend on A or the shape of the 
container. It tells us the pressure at a depth h5 due to the 
weight of the liquid. No matter what the shape of the vessel, 
the pressure will be the same at any two points with the 
same height. 


Atmospheric presSure 

The height of the earth's atmosphere 1s a few hundred 
kilometers. According to Eq. 6-3 there should be a pressure 
Pẹ at the surface of the earth equal to the height of the 
atmosphere times ø times the density of the alr averaged 
over the helght of the atmosphere. The numerical result 1s 


Đẹ = 1.01 x 108 dynes/cm2 


The barometer 

Suppose we take a tube of mercury (J = 13.6 gm/cm3) 
and invert 1t over a beaker of mercury as shown m Flig. 6-4. 
The pressures at points A and Ö must be the same because 
these two poïnts are at the same height. According to Ba. 6-3, 
Pạ = lgh where °b 1s the height of the mercury column. The 
pressure on the mercury-alr surface must be Ðg = ạ, the 
atmospherie pressure. Thus 


Dpgh = Pọ 
S20) 
h= 7BE 
..... : 
h= 13.6 x 980 cm = 76.0 em (6-4) 


The height of the column of mercury 1s proportlonal to the 
atmospherie pressure. A device, called the barometer, Is used 
to measure the value o£ atmospheric pressure. 
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Exampie 3 ( 
The water level im a certain well is 50 ft below ground. A pipe is 
Imserted into this well and a pưnp turned on at the top end untlÌ all 
Fig.6-5. How not to get water from a deep welÌ. the air im the pipe is evacuated (Eig. 6-5). WIll the water ever reach 
the pump? "This is exactly the same physical situation as that of the 
mercury barometer shown ïm Fig. 6-4. Thus we can use Eq. 6-4 to 
solve for the maximum possible height of the water column. 


— Pa _— 1.01 x 108 


lì E:==—==————— 
Dg Ix980 


= 1.03 x 103cm 

We see that the water wïll rise only 10.3 m or about 33 ft. Those of 
you who have seen deep wells know that the trick 1s to put the pumb 
down in the well. Then it can pưmnp on water rather than air. 


Archimedes" primcipte 

Suppose a block of height U and area A as shown in Flg. 6-6 
is submerged a distance ở in a liquid of density D. The force 
on the bottom surface of the block will be pointing up and 
wIll be of magnitude 


H„=P:A -Dn j1 


Fig. 6-6. Block of volume 4U submerged in liquid of The force on the top surface wïil] be 
density ?ÖD. 
own —= (Dgh) uất 


The resultant force of the liquid on the block will be 
Tp = down = Dgh tn= (Mlia)g 


where Äfụạ = DLA is the mass of the liquid displaced by the 
block. Thus the block experiences an upward force equal to 
the weight of the water displaced. Archimedes` principle 
síqfes that a body tmunersed rn d fluid 1s Duoyed up Dy d ƒorce 
equdl to the teight öƒ the fluid displaced. Thìs principle when 
applied to the special case of a foating body states that a 
foating body must đisplÌace its own weight in water. 


Examptke 3 

A popular thought question is: What happens to the water level 
in a glass of ice water as the Ice melts? Ioes the melted I1ce ralse or 
lower the water level? 


Q.1: Assume a bubble of air got imto the gÌass tube mercury The answer is that the level remains the same, assuming that the 
barometer Im Flig. 6-4. If the air pressure In the tube above the Ice had originally been foating m the water. Because an ice cube 
mercury column is jÿ of an atmosphere, how high 1s the displaces its own weight in water, it will exactly fill up its own space 


mercury column2 j = cm. in the water when it becomes water 1tself. 
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Ans. 1: The mercury column must now suppÌy a pressure 
P =0.9P¿, hence, h = 68.4 cm. 


8-4 Atoms and Molecules 
The “1nuistble” butlding blocbs 


The structure of matter 1s treated m detall mm Chapters 13 
and 14. However, before we can proceed with the kmetic 
theory, we must review the concepts of atoms and molecules, 

About 400 B.c. Democritus, a Greek philosopher, proposed 
that all matter is made up of particles called atoms and that 
the space between atoms is completely empty (a vacuum). 
The Greek word “atom” means indivisible. We now know 
that there are about 92 different kinds of atoms that occur 
naturally on the earth. Substances made up entirely oŸ one 
kind of atom are called elements. Hydrogen, carbon, oxygen, 
and copper are examples of some of these 92 elements. A 
table of all the elements appears Im the Appendix. They are 
listed in the order of their atomilc masses (with two minor 
exceptions). The first element on the list 1s hydrogen, the 
second 1s heÌium, and the thírd 1s lithium. The numerlical 
position on the list is called Z, the atomie number. Thus 
Z = Ifor hydrogen and Z = 3 for ]ithium. 

The structure of materials is explained by the fact that 
the forees between some atoms are strongly attractive when 
the atoms are almost elose enough to touch each other. Even 
certain unlike atoms exert strong attractive forces on each 
other. For example, an oxygen atom has a strong affimty for 
one or even two hydrogen atoms. 'Phe combIned unIt oÊ two 
hydrogen atoms firmly attached to an oxygen atom 1s called 
a water molecule. Water Is made up entirely of these HaO 
molecules. If a sample of water vapor 1s subdivided down to 
the smallest partiele that still has the chemieal propertles of 
water vapor, the result is a HO molecule. Any substance 
made up out of identical molecules containing dissimilar 
atoms ïs called a compound. 

The strueture of atoms and a caleulatlon of thelr s1zes are 
given In Chapter 13 along with a display of these s1zes Im 
Fig. 13-21. Most atoms are about 10% cm 1n điameter. A 
wavelength of light is about 5 x 10-5 em or thousands of 
times larger; hence Individual atoms and molecules cannot 
be seen by the eve or even by high-powered optical micro- 
scopes. However, It is possible to “see”” molecular structure 
using modern x-ray techniques. Figure 6-7 1s a “photograph'”” 
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of a hexamethylbenzene molecule using special x-ray tech- 
niques. Another technique for “seeing” individual atoms 1s 
the field lon microseope invented by E. W. Muller. In this 
device, atoms on the point of a sharp pm giIve rise Lo sJOtS 
on a flourescent screen as shown in Fig. 6-8. The molecules 
o£a solid or liquid are in fairly close contact with each other. 
For this reason solids and liquids are almost inecompressIble. 
Gases, on the other hand, are usually about 1000 times less 
dense and thus consist of well-sebarated molecules. In a gas, 
a molecule usually moves a distance corresponding to many 
molecular diameters before it collides with another molecule. 


6-5 The Ideal 6as Law 


A continual bombardnent oƒ_. molecules 


Experiments show that if the volume of a given quantity 
of gas is decreased, the pressure of the gas wIlÌ Inerease pro- 
vided the temperature remains unchanged. About 300 years 
ago Charles Boyle observed that for most gases the change 
im pressure bears a simple relationship to the change m 
volume. If the initial pressure and volume are #) and Vì, and 
the fnal pressure and volume are ; and V›, then Boyles 
law states 


PyVì = PĐ;V› (6-5) 


provided the temperature is kept constant and the same 
amount oŸ gas 1s used. 


kxampe 4 

The volune of an air bubble triples in volume as it rises from the 
bottom of a lake to the surface. How deep is the lake? 

Let Pạ be the pressure and Vì the volume at the bottom of the lake. 
Then ; = Pạ the atmospherie pressure, and Vạ = 3V, According 


Fig. 6-7. “Photograph” of the hexamethylbenzene molecule. 
Structural diagram shown below. The '“photograph” is not 
taken directly, but is obtained by converting x-ray signal 
into a visual signal in a manner somewhat analogous to 
conversion of television electronie signal to a visual signal. 
Magnification factor is 10%. (Courtesy Dr. M. L Higgins who 
performed the x-ray to visual transformation at Kodak 
Research Laboratory.) 
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Fig. 6-8. The field-ion mieroscope. (đ) 1s a greatÌy simpliied 
drawing of the mieroscope. The positively charged tip of the 
tungsten needle repels positively charged helum atoms 
(helium ions) in its nmmediate vicinity. More lons leave 
from a point near an atom on the surface than from a point 
between two atoms. The lons travel radially outward m 


straight lines to the fluorescent screen, where they produce 
a pattern øf1llumination which reproduces the arrangement 
of atoms on the típ. (b) 1s a photograph of the fuorescent 
sereen and each bright dot is caused by an atom on the tip 
(or possibly, im some cases, by a group oftwo or three atomS). 


(c) is a model of the tp of the needle made by stacking cork 
balls, each of which represents a tungsten atom. The simu- 
lated needle points directly toward the camera, and its tp 
is in the center of the photograph. The cork balls that rep- 
resent those atoms that are particularly effective in repeÌ- 
lĩng lons were coated with Ìuminescent paint and are seen 
in (ở), which is a photograph of (c) made in the dark. The 
similarity between (ð) and (ở) confirms the hypothesis that 
we are seeing Individual atoms. (Professor E. W. Mũller, 
Pennsylvania State ỦniversIty.) 


Fig. 6-9. Single particle of mass 7m bouneing back and 
forth in a box of volume A1. 


+y~aXIS 


x-aXIS 


Q.2: Can Boyle's law be used to compare two diferent ideal 
gases? 


to Boyle's law, 
T1Vì m F2X Va= l0X (Vi) 
Pì —= 3P 
The inerease in pressure at the bottom of the lake due to the weight 


of water above is Pị — Pạ or 2P¿. According to Ea. 6-3, the depth » 
of the lake 1s given by 


2Po 
h= 

Dg 
h= 206m 


Now that we know that a gas consists of particles colliding 
against the walls of its container, we should be able to derive 
Boyles law using our knowledge of Newtonian mechanics. 
We know that whenever a particle bounces against a wall, the 
particle exerts a force on the wall. Thus the pressure of a gas 
on a wall must be due to the average force of many molecules 
colliding with the wall. In fact, now that we know that a gas 
s just a đilute collection of molecules, the above mechanism 
is the only possible source of force on a wall of the container. 

First we shall calculate the average pressure on a wall due 
to the collisions of just one paiticle of mass 7 traveling with 
velocity ø; in the x-direction as shown in Fig. 6-9. Let this 
particle be in a box of length L in the x-direction with walls of 
area A perpendicular to the x-direction. The time between 
successive collisions with wall A 1s 


Ni 2L 


Uy 


The change of momentum AP, of the particle im each 
collision 1s 


3JZ', =m 7HHạ = MA—t6n) = 23NGh 


According to Newton”s second law the average force the wall 
exerts on the molecule 1s 


ÀĐ, 


lộ = N 


Now we eliminate AP, and A¿ by substituting the above two 
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Ans.2: Not as stated on p. 127. However, 1Ý both gases are at 
the same temperature and have the same number of mole- 
cules, then as we shall see on p. 133, P¡Vìạ = P;zVạ. 


expresslons to obtaïn 


_ @mu,) _ mu;? 
. (2#) -—.. 
Uy 


The average pressure đue to thĩs particle 1s 


where V = AL is the volume o£ the box. 
The pressure due to Ä partieles in the box is then 


— Nmu,°? 


# hai, 


(6-6) 


where 0,° is the average value of ø,? for the  molecules. 
Gases that obey Ba. 6-6 are called Ideal gases. Any gas that Is 
sufficlently dilute (Ä not too large) behaves as an Ideal gas. 

"The average 0;? can be simply related to 02 by noting that 
U? = U¿2 + Uy? + U¿? (Pythagorean theorem in three dimen- 
sions). 'Faking the average of both sides, 


UÊ = U;Ÿ + Uy? + U¿? 


Since the molecules are all moving In random directions the 
average 0, = 0„Š = 0:?. Hence 
U2 = 3U? 
Or 
` -- 


? 
If this 1s substituted into EBdq. 6-6, we obtam 


PV = NHỆ (6-7) 


Note that the left-hand side is the same term that appears m 
Boyle's law. Let us consider the same quantity o£ gas (N 
molecules) under two different conditions. According to 
Eq. 6-7 


BVY Nm n 


(Condition 1) 


and 


P.V; = n 022 (Condition 9) 
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Fig. 6-10. Simple gas thermometer. The shaded area shows 
confined gas under constant pressure. Height oŸ mmercury 
drop 1s proportlional to temperature readIng. 


Air at 1 atm. | 


Mercury drop 


Q.3: If the average velocIty of molecules In a box 1s doubled, 
what happens to the pressure? 


As we shall see In the next section, 0? = 0z? when the tem- 
peratures 7¡ = 7›. Thus the two left-hand sides are both 
equal to the same quantity 


E#m) 


when at the same temperature, and 


6-6 Temperature 


4Microscoptc hinefic energy 


Bverybody 1s famihar with the concept of temperature. 
Wb© are used to measuring temperature by observing the ex- 
pansion of a column of mercury or red-colored alcohol. AI- 
though it 1s not so convenlent, temperature can be measured 
by observing the expansion oŸ a column of gas. A simple ver- 
sion of a gas thermometer 1s shown In Fig. 6-10. The gas 1s 
prevented from escapIng by a small drop of mercury at the 
top of the gas column. "The pressure on the confined volume 
of gas will always be atmospheric pressure . According to 
Eq. 6-7 the volume will be 


NHmt2 
V= ÄnuŠ 
3P 


Note that the quantity z2 = 2(KE), where (KE) is what is 
called the average translational kinetic energy per molecule. 
We shall use the symbol (KE) to stand for the kinetie energy 
due to the translational motion of the molecule only. Kmetie 
energv ofa molecule due to rotational and vibratlonal motion 
must not be ineluded. Substitution of the quantity 2(KE) for 
mmU” in the above equation gives 
2 N ,. D 

W = 5 mộ E) (6-8) 
Thus the temperature reading of a gas thermometer 1s pro- 
portional to the average translatlonal kinetic energy per 
molecule. For an ideal gas this relatlonship between tem- 
perature 7'and (KE) can be expressed using a proportionality 
constant (š‡š) where 


(KR) — $7 (6-9) 
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Boltzman constant 


Fig. 6-11. Comparison of Pahrenheit, centigrade, and abso- 
lute (or Kelvin) temperature scales. 


Absolute 
Fahrenheit Centigrade (or Kelvin) 


Boiling poimnt_ — 2)|Z 1g 


Ereezing point - 32 


Absolute zero 459 


Ans. 3: The average velocity squared would mecrease by a 
factor of 4 and so would the pressure which 1s proportional 
to 02, 


Or, according to Ba. 6-8, 


ly 
/"=n. 

Nh 
In this book, the defiiHon oƒ temperdture 1s giuen by the 
aboue equdfion. The proportionality constant È is called the 
Boltzmamn constant and must be determined experimentally 
by measuring Pand Vat a known temperature. The result is 


 = 1.38 x 10-18 erg/degree Centigrade 


In the metric system the unit for temperature is the degree 
centigrade. The centigrade scale was originally established 
by defñning 0°C as the temperature of freezing water and 
100°C as the temperature of boiling water (at atmospherie 
pressure). In the English system freezing water is 32°F 
(Fahrenheit) and boiling water 1s 212°F. Thus a temperature 
diference of 1°C corresponds to 1.8°F. A comparison of the 
Fahrenheit and centigrade scales 1s shown m E1g. 6-11. 


Absoiute zero 

W&© note that zero temperature as defned m Ba. 6-9 does 
not correspond to the zero on the centigrade scale. Equa- 
tion 6-9 says that 7'= 0 when the kinetic energy of all the 
moleeules becomes zero, which 1s a much lower temperature 
than that of freezing water. In order to use lq. 6-9 we must 
“redefne” the zero of the centigrade scale. 'This redefñned 
centigrade scale ¡is called the absolute scale or Kelvin scale 
of temperature. Experiments show that water Íreezes at 
T'—= 273°K (Kelvin). Thus the zero of the Kelvin scale 1s at 
—273°C on the centigrade scale. At this temperature all 
mechanical motion of the molecules should stop. (According 
to the quantum theory there will still be a “zero point 
energy.”) This special temperature 1s called absolute zero. 
One of the consequences of defning temperature as a 
measure of the moleeular motion is that there can be no tem- 
peratures lower than absolute zero. Thus far laboratory ex- 
periments have reached temperatures lower than 0.0001 E. 
Note that a temperature difference of 1°K 1s also 1”. The 
Kelvin scale is a centigrade scale with its zero shifted by 
217100855 


(hapter 6 [ 132 


ldeal gas latu 


Q.4: At what temperature would molecules have half the KE 


that they have at room temperature? 7' = 


PÓi: 


We can now write the Ideal gas law In Its most complete 
form by substituting the right-hand side of Hq. 6-9 into 
Eq. 6-8. Then 


OT 
TÊN e=: JA#, 3 Ê (6-10) 


Actually gases will condense and liquefy at temperatures 
somewhat above absolute zero. Obviously Eq. 6-10 does not 
hold m the temperature reglon where the gas changes Into 
a liquid. Strictly speaking Eq. 6-10 is exactly true only for 
what is called an ideal gas. In an Ideal gas the total volume of 
the molecules must be mụuch less than V and the molecules 
must behave as hard spheres that exert no force on each 
other except during collisions. So far temperature 1s Just a 
mathematical definition. It wIÌl be of no practical use to us 
unless we can demonstrate what is called the Zeroth Law of 
Thermodvnamics. Thịis law states that any two substances 
m statistical equilibrium (thermal equilibrium) wIll be at 
the same temperature. That 1s, If two different ideal gases 
having molecules of mass 7 and znạ are mixed together n 
the same volume, both gases wIÌÌ ecome to the same tempera- 
ture after such celose contact. Equatlon 6-9 defnes the tem- 
perature of gas 1 as 7 = 2(KR)¡/3È and the temperature of 
gas 2 as T; = 2((KE);z/3È. In order to prove the Zeroth Law 
of Thermodynamies, we must show by using Newtomian 
mechanics that (KE)¡ will equal (KE)s. We must prove that 


DI TM = ‡m›aU¿ 
OT 


| 


UỊ? — Hạ 


Đa? „\Ạ 


The rigorous proof uses mathematics beyond the scope of 
this book. However, we can get a feeling for how the proof 
goes by examinmg what happens when z⁄; and zn; start out 
with the same velocity and then have a head-on collision. 
Suppose 7¡ 1s the larger mass. Then zz¡ wïÌl be slowed down 
by the collision. The collision oŸ my with a heavler moving 
obJect 1s like that ofa tennis ball with a moving tennis racket. 
The speed of mạ; wIll be increased. After many successive 
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Ans. 4: On the absolute scale room temperature 1s about 
300°K, and one haÏf of tìịs 1s 150°]Š or 7= —1238”C., 


collisions the average 7:u¡2 wIll equal the average /nUs°. 
Thus any two substances when at the same temperature wïll 
have the same average kimmetic energy of translational 
motion. 

The Zeroth Law of Thermodynamics holds for all sub- 
stances, not Just ideal gases. The two Ideal gases having 
molecules oŸ mass zm¡ and 7n; need not be mixed m the same 
contamer, they could be in separate containers with a gÌass 
wall between them. Suppose we start out with gas 1 hotter 
than everything else. The collisions of gas 1 molecules would 
transfer energy to the glass atoms until an equllibrIlum was 
reached. Now that the glass atoms are moving faster, they 
will transfer energy to the gas 2 molecules until they reach 
the same average kinetie energy per molecule as that of gas 1. 
Our gas thermometer wIll read the same whether It 1s Im- 
serted Into gas 1, gas 2, or Just the glass wall. 

To conclude our discussion of temperature, we ask a 
thought question. A box contains  I1dentical molecules at 
a temperature 7. IÝ the number of molecules is doubled, but 
the average kinetic energy per molecule 1s kept the same, 
what happens to the temperature? Anyone who has trouble 
with this thought question does not fully understand tem- 
perature. The answer 1s obtained by looking at our definition 
of temperature (lq. 6-9) and noting that 1t 1s ndependent 
of N, 


kxampFe ð 

If the mass of a hydrogen atom is 1.67 < 10~?1 gm, what is the 
density of hydrogen gas at atmospherie pressure and 0°? 

The density D will be the mass /? divided by the volume V. 


Bàn Ổ Nm 
V 


Now solve Eq. 6-10 for V and substitute m the above: 


Nm 


(3) 
P 


nịP 


=.7 


The quantity zz will be twice 1.67 x 10?! gm sinece there are two 
atoms in each hydrogen molecule. The value for ? is 1.01 x 108 
dynes,em2 and the value for 7'is 273” K. Inserting these values gIves 
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Q.5: If box 3 has twice the volume of box 1 and holds a gas at 
twice the temperature and pressure, what is the rato of 


particles In the boxes? 


Ỷ 


y 


1 


2 


n 2 x 1.67 x 107? x 1.01 x 108 
1" 1.38 x 10-18 x 273 


= 8.9 x 10-5 gm/cm3 


gm cmở 


6-7! Avogadro's Law 


Itis the number oƒ parficles that counfs 


Avogadro”s law states that any ‡†wo gases, which have 
identieal pressures, volumes, and temperatures, wilÌ contain 
the same number of moleeules. We can show that Avogadro”s 
law is a consequenece of the kinetie theory by solving 4q. 6-10 
for Ý. For gas 1, 


.... 

An ta k1Tì) 
For gas 2, 

lót — P,V; 
Cờ Ti 


Now I1 J1 = Đạ, Vì = V›, and T" = T›, we have 
M.=N:› 


Thus one liter of any gas at room temperature and atmos- 
pheric pressure contains the same number of molecules as a 
liter of a different gas also at room temperature and atmos- 
pheric pressure. "The ratio of the masses of the two gases 
would then be ?/m›, the ratlo of their molecular masses. 


Example 6 
How many molecules are contained m 1 em3 ofair at 0°? Accord- 
¡ng to Ba. 6-10, 


Mà 
v- PV 
J1” 
6 
ni 1911001... 


— (1.38 x 10ˆ18)(273) 


The moÏÌe 

The ratio of the atomie masses oŸ oxygen to hydrogen are 
16.00 to 1.008. In order to have a standardized table of rela- 
tve atomic masses, chemists have defined the atomie 
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ẢAns. õ: Since 


P›V; 


1 


Auogadros nưumber 


“weight” of naturally occurring oxygen to be exactly 16. 
Then the molecular “weight” of an oxygen molecule (Õs) 1s 
32 and that of a hydrogen molecule (H;) is 2.016. The ferm 
mole is defined as the molecular “tuUeight” in grams. Thus 
one mole of Hạ 1s 2.016 gm of hydrogen gas and one mole of 
HaO is 18.016 gm of water. The number of molecules ïn one 
mole 1s defined as Avogadro's number Wo and can be 
calculated 1Ý the mass of an individual molecule 1s known. 
By x-ray techniques that accurately determine the Inter- 
atomIc spacmg In solid crystals, the mass of the hydrogen 
atom 1s known to be 1.67 x 10-?t+ gm. The number of 
molecules In a mole 1s then 2.016 gm of hydrogen gas divided 
by 2 x 1.67 x 10?! gm (mass of one Hạ molecule). The 
result is 


Ño = 6.02 x 10°3 


According to Avogadro's law, one mole of any gas at atmos- 
pherlc pressure and 0° should occupy the same volume as 
any other gas also at atmospheric pressure and 0°C. The 
volume occupled by one mole oŸ gas under these condittons 
can be obtaimed from Ha. 6-10. 


NukT 
® 


(:Ú2 SỐ U72.) 2< (102 XU) 21C ` 
II < 1102 


= 22.4 x 103 cm3 
= 22.4 liters 


V= 


m3 


Example 7 

Carbon has atomic “weight” 12. If each carbon atom contains ổ 
electrons, how many electrons are there In 1 gm of carbon? 

One mole or 12 gm of carbon contains ẤW¿ carbon atoms or 6Ä 
electrons. Thus 1 gm of carbon contains 6Wo/12 or 3.01 x 10°3 
electrons. 


*Physieists dịd not like this defnition hecause there are three isotopes oŸ 
oxygen oceurring in nature of which oxygen 16 is most abundant. In 1961 
physicists and chemists got together and agreed on an atomic mass scale which 
is based upon a single isotope of carbon, carbon-12. Now ¡t is the atom of 
carbon-12 which has exactly 13 mass units. This changes the previous scale by 
less than one part in 101, so we wi]l not worry about it in thís book. 
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6-8 The Kinetic Theory of Heat 


A microSco0DIG Ui6t0 0Ệ. tŒGrOSCODLG €h€ergy 


The unit of heat in the metrie system 1s the calorie. Ône 
calorie 1s defined as the amount of heat required to raise the 
temperature of 1 gm of water by 1°C. As discussed im Section 
5-10 a given amount of heat can be obtained from an equ1va- 
lent amount of mechanical energy. For example, a known 
amount of work can be done on a known amount oŸ water 
by rotating a paddle wheel inside the water. The temperature 
of the water is observed to increase proportionally to the 
amount of work done. All such experiments g1ve the result 
that one calorie of heat is equivalent to 4.18 joules of energy. 


Mleehanicdl equrudlent oỆ hedt 1 calorie = 4.18 x 107 ergs 


Instead of heating up water, let us heat up one mole of mon- 
atomie (one atom to the molecule) gas. The amount of heat 
requrred to raise the temperature by one degree on one mole 
of a gas kept at a constant volume 1s called the specific heat 
Œ, (the subscript indicates the condition of constant volume). 
Experiments show that the speclfic heat of helium 1s 2.98 
calorles/mole-degree; that is, it takes 2.98 calories, or 
12.5 »% 107 ergs of work to inecrease the temperature oŸ 4 gm 
of helium by 1°C€. Where did the energyv go? At this state we 
suspect that the energy completely went imto increasmg the 
kinetic energy of the helium molecules. Let us see now 1ƒ the 
experImmental value of 12.5 x 107 ergs checks with the predIc- 
tion of the kinetic theory. According to the kinetie theory, 
the kinetic energy oŸ one mole of helium molecules 1s gIven 
by multiplying Hq. 6-9 by Wọ: 


KE/mole = NWo x $ÈT' 
The increase 1n kinetic energy per degree centigrade is 
KE/mole-degree = $Wq* 


C, = $ x 6.02 x 10?3 x 1.38 x 10-16 
erg/mole-degree 


€y = 12.5 x 107 ergs/mole-degree 
Q.6: How many liters of hydrogen combines with how many Si r : : 
EẺẺ. ca (0C 211201 61êncpecento lo We see that the kinetic theory gIves a complete physical 
18 gm (1 mole) of water? Vụ, = _liters. Vọ, = understanding of what this “mysterious” quantity heat 


liters. really 1s. 
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Ans. 6: The chemical reaction 1s 
H; + 1O; _—> H.O, 
or one mole of molecular hydrogen pÌus ‡ mole of molecular 


oxygen gives one mole of H;O; hence, Vị, = 22.4 liters, 
Vọ, = 11.2 ]iters. 


For diatomle moleeules (two atoms to the molecule), such 
as Hạ, O¿, and Ñ›, the heat not only goes nto kinetic energy 
of translational motion but aÌso into kinetic energy of rota- 
tional and vibrational motion. Hence the specific heat of a 
diatomic gas 1s somewhat greater than the specific heat ofa 
monatomIc gas. 

Newtonlan or classical mechanics makes definite predic- 
tions oŸ Jjust how much energy should go into rotational and 
vibrational motion of molecules. In general, the measured 
specific heats of gases (heat required to raise the temperature 
by 1°C) do not agree with the predictions of classical 
mechanics. However, there 1s excellent agreement between 
specifc heat measurements and the newer quantum theory 
(see Chapter 12). 

As an example of the failure of classical mechanics we need 
only consider the rotational motion of molecules In mon- 
atomic gases. lồach atom has three degrees of freedom of 
rotation in addition to its three degrees of freedom of trans- 
lational motion. Using Newton”s laws and higher mathe- 
matics, one can derive the law of equipartition oŸ energy 
which predicts each degree of freedom of a molecule will take 
up an average kinetic energy of ‡*#7. Hence the average 
kinetic energy per atom for a monatomic gas should be 
6 x }1È7' = 38T, whereas the experimental value at room 
temperature 1s close to $È7. This discrepancy was explained 
away by assuming that atoms were so “smooth” that no kind 
of a collision could start them rotating. But even this could 
not explain the diserepaney in the case of diatomie molecules. 
A điatomie molecule has two rotational degrees of freedom 
plus one vibrational degree of freedom. 'The average kmetie 
energy per molecule will then be 3$#7' for the translational 
mofion plus $#7' for the rotational motion plus ‡ð7' for the 
vibrational kinetic energy. Also since the average potential 
energy of an oseillator m simple harmonic motion is equal to 
the average kinetic energy, there must be an additional ‡¿7' 
that goes Into the potential energy of vibrational motion. 
Hence 

KE/mole = Wọ x $*7 
KB/mole-degree = 6.02 x 10?3 x ‡ x 1.38 x 1016 


Œy, = 29.1 x 107 ergs mole-degree 
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Q.7: lfin a solid each atom has 3 vibrational degrees of free- 
dom, what would be the specIfic heat per mole? 


However, at room termnperature the observed value 1s 20.8 x 
107 ergs/mole-degree. The diatomic molecule behaves as 1Í 
onlÏy 1ts rotatlonal degrees of freedom and none oŸ Its vibra- 
tional motion can be excited. But at much higher tempera- 
tures the vIbratlonal motion fñnally shows up. Thịĩs “strange” 
temperature dependence of the speclfic heat 1s accuratelÌy 
predicted by the quantum theory. Classically, the specTfic 
heat should be independent oŸ temperature. 


6-9  Changes 0í State 


l]mprisonment 0ersus freedom (oỆ molecules) 


A colleetion of molecules can occur either 1n the solid, 
liquid, or gaseous state, depending on the strength of the 
intermolecular forces and the average kimetlc energy per 
molecule or temperature. In a solid at room temperature all 
the molecules are vibrating about therr equilibrium positlons 
with an average kinetic energy of $È7' (neglecting quantum 
efects). However, the intermolecular forces are so strong 
that It takes a kinetlc energy much greater than $#7' for a 
molecule to free 1tself from 1ts position In the sohd. As the 
temperature 1s increased, the molecules do finally reach a 
temperature where ther relatIive positlons are no longer ñxed 
but where the forces are still strong enough to hold them 
together. Thhĩs temperature 1s known as the melting point. A 
collection of molecules that are held together, although their 
relative positlons are not fixed, 1s the microscopIc descriptlon 
of a lquid. In a liquid a single molecule wIll have great 
diffieulty in breaking away from the main body of molecules. 

At an even higher temperature (the boiling poïnt), most of 
the molecules do have enough energy to break away com- 
pletely from the Intermolecular forces. Even at temperatures 
below the boïlng poInt, an occasional molecule near the 
liquid surface that happens to be enough above average in 
kinetic energy can escape from the surface. “This process 
wherein the highest velocity molecules escape from the sur- 
face is called evaporation. The escape of the highest veloeity 
molecules will tend to lower the average kinetic energv or 
temperature of the remaining molecules. Hence, in order to 
convert a given amount of liquid from the liqu1d state to the 
gaseous state at the same temperature, a certain quantIty o£ 
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Eig. 6-12. Vapor pressure curve of water 1n the temperature 
region 0 to 150°C, “The pressure scale 1s In units of atmos- 
pheres (1.01 % 108 dynes/cm?). 


Pressure in atmospheres 


Ans. 7: For each atom there would be 2(‡¿7') of energy for 
each vibrational degree of freedom. Altogether we have $7 
per atom or 3/Vo&7`per mole. Hence the specific heat per mole 
of a solid should be € = 3AVo¿. Thịis law works quite well, 
especlally at high temperatures. It is called the law of Dulong 
and Petit. 


heat must be supplied. This quantity of heat per gram of 
liquid 1s called the latent heat of evaporation. The latent heat 
of evaporation for HO at 100°C is 540 calorles/gm. We see 
that ít takes a signifcant amount of energy to boil away a 
pot of water. For similar type reasons it takes 80 calories/gm 
to meÌt a gram of ice at 0°. 'Thịs is called the latent heat of 
fusion. In general, a change of state of any substance will 
have an assoclated latent heat. 


qapor pressure 

Suppose a certamn quantity of water is inserted into a 
closed evacuated box. The water will continue to evaporate 
until the number of molecules leaving the surface per second 
equals the number returning to the surface each second. At 
any given temperature 7' this equllibrium condition will de- 
termine a unique pressure ? of the gas. This particular value 
of P corresponding to the particular value of 7'is called the 
vapor pressure. The gas when in equilibrium with its liquid 
1s usually called a vapor. The curve in Fig. 6-12 shows the 
particular value of ? for water vapor corresponding to each 
value of 7. Note that for 7 = 100°C, P = 1atmosphere. This 
1s why water boils at 100°C when at sea level. Cold water 
mserted into a vacuum chamber will boï] Just as well. 


Examp‡e 8 
On a 14,000 ft mountain top the air pressure is 40 less than at 
sea level. At what temperature w1ll water boil when at 14,000 ft? 
According to EFig. 6-12 a pressure of 0.6 atmosphere corresponds to 
a temperature of 86°C. At this temperature the vapor pressure of 
water would equal the atmospheriec pressure on the water and the 
water would then boil. 


If the pressure on a sample of HO is greater than that 
gIven by the curve m Flg. 6-12 all of the HạO will be in the 
liqud state. If the pressure is less than that given by the 
curve, it wïll all be in the gaseous state. At the special value 
of P given by the curve, both liquid and gas can exist 
suimultaneously in equilibrium. 
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Fig. 6-13. Vapor pressure curve for a bubble chamber. Be- 
fore expansion conditions of liquid are represented by point 
A. Poïnt B corresponds to conditions after expansion. 


Eig. 6-14. First bubble chamber ever bullt using metal walls. 
The chamber which is 2 In. điameter was built in 1954. 
(Courtesy Professor ID. A. Glaser.) 


6-10 The Bubhle Chamber 
A liquid tryung to boil ƒaster thơn tt can 

Suppose a certain volume of liquid 1s being pushed by a 
plston. Let the force on the pIston be such that the pressure is 
Pị at a temperature 7}; corresponding to point A in Flg. 
6-183øơ. Now suddenly let go of the piston. The pressure 
on the liquid drops to Pọ, atmospheric pressure, correspond- 
¡ng to polnt B on Eig. 6-13. The liquid is suddenly put 
under pressure and temperature conditions In which 1t 
should be a gas Iinstead. Ủnder such speclal conditions a 
liquid ïs called superheated and 1s unstable. As soon as the 
pressure on the piston 1s released, many liquids will begin 
boiling on metal surfaces, but not on gÌass surfaces. But, If 
a charged particle like an electron or proton passes through 
such a superheated liquid, It wllÌ start boiling at varlous 
points along the track. The theory of where a liquid should 
frst start boiling 1s not well understood. If one chooses a 
liquid that wIll not start boïling on a glass surface, but will 
start boiling along the path of a charged particle, a photo- 
graph of the liquid taken through a gÌass window will show 
the tracks of charged particles having traveled m the liquid. 
Photographs of bubble chamber tracks are shown In Fligs. 3-2, 
8-12, 16-4, 16-6, and 16-7. The frst bubble chamber ever buIlt 
with metal walls, which 1s shown rn Fig. 6-14 was 2 in. in 
diameter. This bubble chamber was buIlt in 1954 by D. A. 
Glaser, Its Inventor. By 1959 a bubble chamber in the shape 
gf£a 6-ft coffin had been built by a group under the direction 
of L. W, Alvarez at the Lawrence Radiation Laboratory at 
the University of Califormia. 'This liqu1d hydrogen bubble 
chamber along with its auxiliary apparatus shown ¡in Flg. 
6-15 1s so heavy that 1t cannot be supported by wheels. In- 
stead 1t moves itself around by lifting 1tself up and down on 
4 giant feet. A 14-ft. diameter liquid hydrogen bubble cham- 
ber 1s now under design at Brookhaven National Laboratory. 


6-I1 Statistical Mechanics 


“AÚ the bhmgs horses and d1 the hings men, couldn ft 
put Humpty Dumpty together aqgam. ” 


Any sample of matter contains such an enormous number 
of molecules that it takes mathematical methods called 
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Eig. 6-15. Stainless steel ''coffin” for 72-in. liquid hydrogen 
bubble chamber. 'This and the following photograph are the 
courtesy of the 72-in. Bubble Chamber Group of the Law- 
rence Radiation Laboratory, University of California. 


statistics to describe its physical properties. As an example 
let us consider two boxes, each 1 cm3, with a partition be- 
tween them as shown 1n Fig. 6-17. If the pressure im Box I 
is I atmosphere, the number of particles in the box will be 
6.02 x 1023 đivided by the number of cubïc centimeters in 
22.4 liters, or 2.7 x 1019 particles/cm3. At the start Box 2 
is empty. We now open up a hole in the partition, and within 
a short time we shall ñnd half of the particles in Box 2. The 
gas expanded into the vacuum. NÑo matter how long we walt, 
the reverse of this process wi]Ì never occur. Actually the num- 
ber of particles in Box 2 will 8uctuate slightly. Mathematical 
statistics tell us that about 70% of the time the number of 
partieles in a given volume will le between W — w and 
N+ vÑN, where Ä is the average number. In this case we 
have 


(1.35 x 1019 +›/1.35 x 101%) = 
(1.35 + 0.00000000037) x 101%, 


W& see that the fuctuations are so small that they are In- 
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Eig. 6-16. Seventy-two ínch bubble chamber with magnet 
assembly “walking” from one building to another at the 
Lawrence Radiation Laboratory. 


Eig. 6-17. Irreversible expansion of gas into a vacuum. Œas 
from Box 1 will expand Iinto empty Box 2 when hole in par- 


tition is opened. 
Box 1 | Box 2 


capable of detectlion and that it 1s virtually Impossible to 
have a fluctuation so large that no particles are left m Box 2. 

Suppose, however, that after opening up the hole, and 
after half the particles have eseaped from Box 1 to Box 2, 
time was suddenly stopped and made to run backwards. 
Physically time can never run backwards, but we can observe 
what It would be like by taking a movie of the experiment 
and running the film backwards in the projector. Box 2 
would then spontaneousÌly empty and produce a vacuum. We 
are now faced with a paradox. We know that In nature a box 
would never spontaneously empty and produce a vacuum 
when open to the outside air; yet, in the movie fÌm run back- 
wards, none of Newton”s laws were violated. In fact, the 
movie film told us oŸ a specIfic eonfiguration of partiele posi- 
tions and veloeitles 1n Box 2 that would require the particles 
there to move and collide in such a way that they all would 
leave the box. During this process there would be no violation 
of any law of physics. The paradox 1s resolved by noting that 
for this one speclal configuration of particles in Box 2 there 
are virtually an infñnite number of configurations where the 
particles will stay almost equally in both boxes. Thus ïn 
practice this configuration which allows all the partieles to 
leave Box 2, although permitted, never occurs. Henee the 
process of a gas expanding into a vacuum is irreversible, even 
though in prineiple it is possible to have a situation where 
the vacuum 1s “spontaneously produced.” 

Another example of irreversibility because of statisties 1s 
the fow of heat from a higher temperature to a lower tem- 
perature. If a hot and a cold piece of metal are in contact, 
heat will never flow from the cold metal to the hot metal. If 
this were ever possible one could extract heat from a piece of 
metal or from the ocean and use it to run a steam engine. 
There 1s enough heat energy contained n the ocean to satisfy 
all of man”s power requirements for millions of years. How- 
ever, 1t 1s Impossible statistically to eonvert this disordered 
kmetic energy of the water molecules into the ordered 
motlon of a machine. A machine run by heat energy ex- 
tracted from a single heat reservoir is called a perpetual 
motion machine of the seeond kind. Such a machime would 
not violate the law of conservation of energy. All that is re- 
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quired by the conservation of energy 1s that, as such a ma- 
chíne does work, the temperature of the heat reservoir must 
decrease. The conservatlon of energy applied to problems 
ö£ heat flow 1s called the frst law of thermodynamIcs. 


Secondl lau oƒ thermodynamics 

There must be some new law that forbids us to get useful 
energy out of the heat im the ocean and that forbids the 
spontaneous formation of a vacuum, to name only two 
examples. Humpty Dumpty 1s a third example. Thịs law is 
the second law of thermodynamics and 1s merely a con- 
sequenece of the statistics or mathematics of large numbers. 
In this sense there is no new fundamental physIcal primcIple 
mvolved here—it 1s a mathematical consequence of having 
a very large number of particles. One way of stating the 
second law o£ thermodynamirces 1s that a perpetual motion 
machine of the second kind 1s impossible In practice. Another 
way 1s that the total amount of disorder (also called entropy) 
im the universe can mecrease, but 1t cannot decrease. 


Từme reuersdl 

We see that the second law of thermodynamics when ex- 
pressed as a mathematical equation predicts a điferent 
physical result, depending whether time fows forward or 
back. The preceding discussion has attempted to poïnt out 
that this 1s purely a consequenece of statisties and that in this 
sense the second law of thermodynamics ïs really not a new 
law or fundamental prineciple of physics at all. It 1s a statis- 
tical macroscopic description that works only when there are 
a large number o£ partieles. It can be deduced from Newton”s 
laws and the kinetic theory using mathematics (statisties). 
On the other hand, the application of mathematical statistics 
to Newton”s laws opens up a whole new field of physIes and 
provides us with useful physical concepts such as tem- 
perature. 

So far all the truly fundamental laws of nature we have 
encountered are time reversIble. “Time reversible means that 
1Ÿ one reverses the directions of motlon of all the particles 
(including thenr rotatlons), then the same equatlons or laws 
of physics (with time running forward) still hold. 'Phis verv 
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Pr0lÌeInIs 


Prob. 3 


fundamental symmetry principle of nature has recently been 
checked by speclal experiments designed to show up possible 
violatlons. In 1964 a violation was found ím the weak imnter- 
actions. If the violation is confned to the weak interaction, 
It wIll not affect strong and electromagnetic interactions 
which determie nuclear and atomic physics. In addition, 
violations were found of two other very basic symmetry 
primneIples (conservation of parity and antiparticle symme- 
try) that were checked for the same reasons as time reversi- 
bility. The recent overthrow of these three “sacred” symme- 
try prineIples is discussed in Chapter 16. 


1. How far below the surface of a lake must you dive to fñnd the 
pressure on you twice that at the surface? 


2. AT a temperature of 0°C and a pressure of 1 atm, the average 
velocity of hydrogen molecules is 1.8 x 105 em/sec. Suppose a 
sample of hydrogen at the above temperature and pressure is heated 
with the pressure remaining constant until the volume ïs three tỉmes 
as great. 

(a) What would be the temperature of the gas at the new 
volume? 

(b) What would be the average velocity under the new 
conditions? 


ở. À molecule of mass Äƒ strikes a surface at an angle of 30° 
as shown and then bounces of at an angle of 30° with no change in 
magnitude of velocity. What is the change in momentum of this 
molecule? 


4. A certain gas has a molecular weight of 39. What will be the 
mass of 6.02 x 1023 molecules of this gas? 


5. When New York State had an elaborate canal system, there was 
a canal that crossed over a river on a bridge. What ¡s the increased 
load on thìs bridge when it carried a boat of mass 105 kg? The average 
density of the boat is 0.8 gm/cm3. 


6. Can heat be extracted from water when ït is at absolÌute zero? 
Explam. 


7. The area of contact between a phonograph needle and an LP 
record 1s a circle oŸ 10~3 in. điameter. If the needle exerts a force of 
5 gm tỉmes ø, what is the pressure in dynes/em?? 

8. A hydraulic Jack has two pistons of diameters 1 and 5 em. 

(a)  What is the force required on the small piston to enable the 
large piston to lift an obJect weighing 10 newtons? 

(b) How far will the object be raised when the small piston is 
moved 0.1 m2 
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Prob. 16 


Piston 


9. A weather balloon has a mass of 50 kg (including the enelosed 
gas) and a volume of 110 m3. It is tied to the earth with a rope. Den- 
sity ofair = 1.3 kg/m3. 

(a) If the rope stands vertical, what 1s the tenslon In It? 
(b) Hƒ there is a wind causing the rope to assume a direection at 
an angle of 30° to the vertical, what 1s the tension ín the rope? 


10. An obJect when weighed under normal conditlons weighs 300 
newtons. When weighed in water this same object weighs 200 
newtons. 

(a) What 1s Its density? 

(b)_ What 1s its volume? 


11. The temperature oÝ a certam quantity of gas at a pressure of] 
atm falls from 100°C to 0°C. What change m pressure (im atmos- 
pheres) 1s required to keep the gas volume a constant? 


12. The density of a 1 cm3 ice cube 1s measured to be 0.90 gm/cm3. 
How hịigh wIll the top of the cube foat above the surface of the 
water? 


13. A block of lead of density 11.5 gm/cm3 floats on a pool of 
mercury of density 13.6 gm/cm3. 
(a) What fraction of the bloek 1s submerged? 
(b) If the block has a mass of 2 kg, what force must be applied 
to 1t to keep tt totally submerged? 


14. One liter of a certain gas has a mass of 0.1 gm at 0” and a pres- 
sure of 1 atm. What 1s the gas? 


lã. A plece of wood whose denstty 1s 0.8 gm/cm3 floats m a qu1d o£ 
density 1.2 gm/cm3. The total volume of the wood 1s 36 em3. 

(a) What is the mass of the wood? 

(b) What 1s the mass of the displaced liquid? 

(c) What volume of wood appears above the surface of the 

Hiquid? 
16. A sample of gas is contained ïn a cylinder which 1s sealed with a 
pIlston that 1s free to move without frictlon. The volume of the gas 
sample is 0.5 m3 and the helght ở ïs 1.0 m. The piston weighs5 x 10! 
newtons. Atmospherle pressure 1s 105 newtons/m?. 

(a) What 1s the pressure m the gas? 

(b) What additional foree must be applied to the piston to re- 

duce 2 to 0.6 m, keeping the temperature constant? 


17. A 1 em cube of density 0.8 is foating in water. The temperature 
1s Increased 50” C and the cube expands 10% ïn its linear dimenslons. 
What 1s the merease In volume of water displaced? (Assume the 
densitv of water is 1 gm/em3 at both temperatures.) 


18. An underwater bubble of 1 gm of H; gas takes up a volume oŸ 
5.6 x 103 em? at room temperature (31°€). 
(a)_ What 1s the pressure in the gas? 
(b) How far below the water surface is the bubble? The atmos- 
pherie pressure above the water surface 1s 108 dynes/em3. 
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19. Ina box ofvolume V we have Ä particles where the average KE 
per partiele is e. Give all answers in terms o£ V, Ý, c, and ở. 
(a) What 1s the total KHm the box? 
(b) What 1s the temperature in the box? 
(c) _ What ¡is the pressure im the box? 
(d) Tƒ the volume 1s doubled by connecting to an empty box o£ 
the same volume, what happens to the temperature and 
pressure? 


20. The best vacuum man can achieve 1s on the order of 101 em oŸ 
Hg. How many molecules stil remam 1n I em3 m thịís so-called 
vacuum? The vacuum ofinterstellar space contains about one proton 
per cubic centimeter. 


21. During an H-bomb explosion, the temperature is 10% degrees 
centigrade. In this very hot gas there wIll be free hydrogen nuclel or 
protons and also many deuterons (twice the mass ofa proton). 
(a) What is the average veloclty of the protons? 
(b) What would be the ratio of the average kinetlc energy per 
proton to the average kinetlc energy per deuteron assummg 
thermal equilibrium? 


22. A sample of an ideal gas occupies a volume Vata pressure and 
absolute temperature 7. The mass of each rmolecule 1s z. Which of 
the followimg expressions gives the number of molecules in the 
sample: PV/m, k/PVT, m/È, bT/V, PV/bT' Which of the followmg 
expressions gives the density of the gas: „&T,m/V, Pm/ÈT, P/hTV, 
or P/bT? 


23. An ideal gas is contamed m a vessel of fxed volume at 0°€ and 
atmospheric pressure. 
(a) If the average velocity per molecule is doubled, what will be 
the new temperature? 
(b) H the average velocity per moleeule 1s doubled, what wïill be 
the new pressure? 
(c) IÝ the volume of the vessel is one liter, how many molecules 
does it contam? 


24. Consider two gases where the molecules of Gas 2 have ‡ the mass 
of the molecules of Gas 1 (mạ = ‡mị). When Gas l 1s at a tempera- 
ture o£ 27C 1ts molecules have an average velocity of 105 em⁄sec. 
What is the temperature of Gas 2 when Its molecules have an average 
velocIty oŸ2 x 105 em/sec? 


2ã. The atomic weight of oxygen 1s 16. Eight grams of Ô› 1s con- 
tained im an 8-liter vessel (1 liter = 103 cem3). The pressure In the 
gas Is I atm (108 dynes/cm2). 

(a) How many moles of oxygen gas Ö› are Im the vessel? 

(b) How many molecules of Ôs are In the vessel? 

(c)  What is the temperature? 

(đ) Assumnng the Os behaves as an Ideal gas at all temperatures, 

what 1s the total translattlonal KH in the vessel? 
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26. An ideal gas m a box has W molecules. Now double the number 
of molecules in the same box, while keeping the total kinetic or heat 
energy of the gas the same as before (the total energy content of the 
new amount of gas is the same as that of the original amount oŸ gas). 
(a) What will be the ratio of the new pressure to the original 
pressure? 
(b)  What wIll be the ratio of the new temperature to the original 
temperature? 
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Eleptr0sfatlcs 


Uhapef 


Flectr0s{fafios 


Eig. 7-1. The lithium atom according to the Bohr model. 
Three electrons, each of charge —e, revolve In planetary 
orbits around the nucÌeus of charge +-3e. 


Nucleus 


⁄ xZ +ủe 
l8 
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1-† Electronic Structure of Matter 


Electrons euerytuhere 


The study of electricity and its many applications com- 
pr1ses a maJor part of physics. One oŸ the applications, as we 
shall see, is the electromagnetic theory of light. Thus the 
entire subJect of light could be considered as a side topic in 
electricity. Another subject of great Importance, the theory 
of relativity, follows deductively from the theory of elec- 
trieity iŸ we assume that the equations of electricity rmmust 
have the same form in all reference systems. In the study of 
atomic physics, solid state physics, molecular theory, and 
chemistry we deal with the electromagnetle electron-eleetron 
and electron-nucleus interactions. The forces between atoms 
and molecules result from the eleetromagnetie interaction. 
'Thus nearly all of this book involves the vast subJect of elec- 
triclty in one way or another. 

This book assumes that the reader has a general Idea of 
atomic structure. Atornic symbols showing a nucleus en- 
cireled by revolving electrons appear every day In news- 
papers, magazInes, television, childrens toys, breakfast 
cereal contaIners, ete. An atom 1s approximately 10”5 em1m 
diameter and consists of a small, heavy nucleus of positive 
charge encircled by lighter orbital electrons of negatlve 
charge. Notice that the terms positive and negative charge 
have just been used wIthout first defining them. The entire 
next section 1s devoted to presenting th1s Important new con- 
cept of electric charge. 

The familiar atomic symbols are based on a theory of 
atomIe structure proposed by Niels Bohr m 1914. Eigure 7-l 
represents the lithium atom according to the Bohr model. 
Lithium has an atomie weight of 7 and atomle number Z = 3. 
"The lithium nucleus is made up of three positive protons and 
four neutral neutrons. Suppose eleetrons are attracted to a 
nucleus by an inverse square force. Then, as Newton has 
shown, a single atom would be like a miniature solar systermn 
with each electron in a planetary orbit revolving about the 
nucleus. At first one might think that 1t 1s the gravitational 
force which holds an atom together. However, 1 this were so, 
atoms would always attract each other no matter how close 
together. Matter could then be compressed until it was all 
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Q.1: Which is stronger, the electrostatic force between two 
electrons, or the electrostatic force between two protons? 


one giant nucleus oŸ protons, neutrons, and stationary elec- 
trons. Because of the great difficulty in compressing liquids 
or solids, we know that atoms must exert strong repulsive 
forces on each other when compressed. Thus, there must 
exist a new type oŸrepulsive force which is stronger than the 
attractive gravitatlonal force. The explanation of this new 
force requires what 1s called the electrostatic force or 
Coulomb force, which turns out also to be an inverse square 
force. Ône difference between electrostatie force and gravita- 
tional force is that there are both positive and negative elec- 
trlc charges and the electrostatic force is repulsive between 
bodies of like charge and attractive for bodies of unlike 
charge. Protons and atomie nuclei repel each other, but elec- 
trons are attracted to nuclei by the electrostatic force. 
Eurthermore, the electrostatic repulsive force between two 
electrons is 4.17 x 101? times as strong as the attractive 
gravitational forcel The reason why gravitational forces 
seem stronger to ordmary people than electrical forees 1s that 
people and objJeets around them have equal parts of positive 
and negative charge. If a person had Just a small excess of one 
kimd of charge, a lightning bolt would immediately strike him 
down! Then he would be convinced that electrieity is a 
stronger effect than gravity. 

Actually the picture of electrons in planetary orbits about 
a nucleus 1s not correct. It conflicts with the more modern 
theory oŸ quantum mechanics which is diseussed starting 
with Chapter 12. However, when the quantum theory is 
taken into account, the electrostatic force does play the role 
of keeping the “orbital”” eleetrons bound to the nucleus. The 
modern electron wave picture of the lithium atom which 
replaces Fig. 7-1 is on page 150. 


1-2 Concept of Pharge 
Tfs qllin the nĩnd 


We cannot give a quantitative definition of charge until 
we write down Coulomb°s law which deseribes all electro- 
statlc forces. Before doïng that it will be helpful to điscuss 
certain properties of charge. For example, is charge an addi- 
tive quantity? Can it be destroyed? 
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Ans. 1: Neither, they are the same. 


The efects of charge were first noticed by anclent man 
im the same way that modern man cannot help but notice 
electrical sparks when he walks across a carpet on a dry day, 
or when he takes of a coat or shirt. These effects are called 
electrification and result from the contact of two dissimilar 
substances. Effects of electrification were studied by the 
anclent Greeks. 

Suppose substance A 1s rubbed against substance Ö. Then 
some of the orbital electrons of Á wIll interact w1th electrons 
of B. Some of them will leave substance Á and attach to Ö, 
and vice versa. If the outer electrons o£ A are not bound as 
tightÌy as those of Ö, a few of the electrons of A wïll be mis- 
sing when the two materlals are separated. The object A 
would be left with a net positlve charge and Ö with a corre- 
sponding negative charge. The terms positive and negative 
are arbitrary when applied to charge. It was BenJamin 
Franklin who established the present-day convention that 
electrons are negative. He arbitrarnly defñned the charge left 
on glass after being rubbed by silk as positive. In the follow- 
¡ng chapters, when we study currents in conductors and mm 
vacuum tubes, we will wish Franklin had chosen the reverse 
defnition. According to Franklin's defñnition posItive cur- 
rent will have the direction opposite to that of the actual 
moving charge. Ín conductors and vacuum tubes the current 
1s due to the motion of the negative electrons. We must not 
blame Franklm for adding to the confusion because his 
theory of electric charge preceded the discovery of the 
electron by about one hundred years. 

The concept of charge has similarities to the concept of 
mass. jJust as every body or partiele has the abstract at- 
tribute of mass assigned to it, so has every body or partiele 
an Inherent charge which may be positive, negatIve, or zero. 
We found that the calculations of interacting bodies (thelr 
relative accelerations, etc.) were greatly simplifed by the 
introduction of the purely abstract concept of mass. Simi- 
larly, the Imtroduction of the concept of charge g1ves us a 
sinple representation of this new type of force which can 
hold one atom together and at the same time keep two 
atoms apart. The following quotation helps explain the 
reality of charge: ““When I say that an electron has a certain 
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Q.2: Is the electrie charge of an atomic nucleus đireetly pro- 
portional to its mass? 


amount of negative charge, Ï mean merely that 1t behaves 
im a certan way. Charge 1s not like red pamt, a substance 
which can be put on to the electron and taken of again, It is 
merely a convenlent name for certain physical laws. `* 

The questlon arises: jJust what kind of a quantity 1s 
charge? If a fñrst charge Q¡ and then a second charge Q); is 
applied to a body, will the resultant charge be Q¡ + Qz? 
ls there any method by which charge can be created or 
destroyed? For example, rest mass can be created in palr 
production of an electron and positron (positive electron) by 
a photon of zero rest mass. The answer Is that conservation 
of charge 1s postulated to be a strictly obeyed law of physics. 
Like other basic laws of physIcs, there is no absolute proof. 
The only proof we have for conservation laws or other laws 
of nature is that they continue to withstand repeated test- 
mg. So far In this book we have accumulated five conserva- 
tion laws which are considered to be exact (no violation of 
any kind permitted). They apply only to closed systems (no 
outside agents). Qur Ìist of conservatlon laws now reads: 


1. Conserugtion oƒ tofaÌ energy 
One must use relatIvistic energy which includes the rest 
energy We = Äẹc2. 
2. Conseruation oƒ total linear momentum 
To be exact one must use relativistilc momentum which 
1s relatIvistic mass times velocity. 
3. Conserudafton 0ƒ totaÌ angular moinentun 
4. Conseruation oƒ hequy parficles 
test mass can be converted to energy, but with the 
constramt that the total number oÝ protons, neutrons, and 
certam other heavy particles (see Chapter 16) must forever 
remam constant. 
5. ConseruafIon oƒ charge 
The algebralc sum of the charge In a closed system must 
always remaim the same. 


AlI electrons and protons have the same charge, but with 
opposite sign. Thịs quantity of charge 1s called the electronie 
charge e and 1s the smallest amount of charge any body or 


*Bertrand Russell, A 8C o£ Atoms, E. P. Dutton, 1923. 
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Eig. 7-2. Dependence of the direction of the electrostatic 
force on the signs of the two charges. 


sô. . 
_ sc 
F F 


Ans. 2: No. Different atomie nuclel contaim different num- 
bers of neutrons which have zero charge. 


particle can have. We say that charge is quantized; that ïs, 
1t can only have values 0, +e, +2e, +©3e, etc., where e Is the 
electronic charge. In fact, according to the quantum theory, 
other physical quantities such as energy, momentum, and 
angular momentum are quantized. For the rest of this sec- 
tion on electriclty we shall eontinue with the approximation 
that energy, momentum, and angular momentum can be 
contIinuous variables. This approximation 1s called classical 
electrodynamics and 1s quite adequate for dealing with elec- 
trical interactions between macroscople bodies. For electrical 
Interactlons o£mIcroscople bodies (atomic dimensions) quan- 
tum theory 1s an absolute necessity. 

The fundamental theory 1s called quantum electrody- 
namIes. Classical electrodynamics 1s a limiting case; that 1s, 
when quantum electrodynamies is applied to macroscopIc 
bodies 1t usually gives the same answer as classical electro- 
dynamics. 


†-3  Coulomb's Law 


The “net0” ƒorce 


Experiments of very great accuracy show that the elec- 
trostatic foree between two charges 1s proportlonal to the 
product of the charges and varles Inversely as the square 
Øf the distanee in the same manner as the gravitational force. 
Thịs behavior of the electrostatic force 1s called Cou- 
lomb's law. This law states that the force between two 
stationary pomt charges @¡ and @»s 1s 


tF= la (7-1) 


where z 1s the distance between the two charges and X 1s 
a positive proportlonality constant which depends on the 
chorce of the unit of charge. I Q¡ and Q› are of opposite sign, 
theTr product 1s negative and ?#"1s directed opposite to 7; that 
1s, f 1s attractive. The relatlon between the directlon of # 
and the signs of the charges is 1llustrated m Fìg. 7-2. The 
electrostatic force can be either repulsive or attractive, đe- 
pending whether the two charges are of the same or opposIte 
Siợn. 
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Coulomb”s lau 


Fig. 7-3. The two charged balls of Example 2. 
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Q.3: The electrostatic force between any two objects of 
charges @¡ and Q» is given by Eq. 7-2. True or false? 


In the CGS system the units for r and # are centimeter 
and dyne, respectively. If the charge of the electron were 
used as the unit for Q, then X as determined by experiment 
would be an unwieldy 2.3 x 10-19, Since we have the free- 
dom of defñne the size of the unit charge, It would be advan- 
tageous to defne it so that K = 1. This is what 1s done m 
the CGS system of unIts. The CGS unit of charge is defñned 
by setting K = 1in Eq. 7-1. This unit of charge 1s given the 
name statcoulomb. One statcoulomb 1s often referred to as 
one esu (short for electrostatic unIt) of charge. 'To avold con- 
fusion and to make the physics easier to see, the statcoulomb 
will be the standard unit of charge used throughout thĩs text. 
Hence, Coulomb's lau becomes 


li = ¬. (7-2) 


where Q ¡is in statcoulombs. We see that the unit electrtc 
charge (statcoulomb) ¡is defined as that charge tohịch, tƒ 
piaced 1 em distant from a charge oƒ the same magnttude 
and sign, toÏl repel the latter toth an electrostafie ƒorce 0ƒ 
1 dyne. In these units the electronic charge 1s 


e = 4.8 x 1010 statcoulomb (7-3) 


Examp‡e 1 

A small carbon ball has a mass of 1 gm. How many electrons are 
m the ball? 

Carbon has Z = 6 and atomic weight 12. Hence 12 gm of carbon 
1s one mole and contains 6.02 x 1023 atoms or sIx thnes as many 
electrons. The number of electrons in I gm of carbon is then 
1y(6 x 6.02 x 1023) = 301 x 103. 


Exampie 2 

In Eig. 7-3 two of the above balls are given identical negative 
charges. They are suspended by 10-em strings which have an angle 
of 60° after application of the charge. (a) What 1s the electrostatic 
force between the two balls? (b) How many electrons were added to 
each ball? (c) What 1s the ratio of electrons to protons in each ball? 
(đ) What ¡is the gravitational force between the two balls? 

In Fig. 7-3ö the sum of the electrostatic force E, the tension In 
the string T, and the downward gravitational force of 980 dynes 
must be zero. Smece in a 30°-607 right triangle the ratio of the short 
arm to the long arm is 1/⁄3, we have Ƒ/980 = 1//⁄3 or F = 565 
dynes. 
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Fig. 7-4. Bohr model of hydrogen atom. 


¬x Electron 


Ans. 3ä: False. lq. 7-2 applles to each par of point charges. 
The net force on an obJect 1s the vector sum of the forces on 
each ofits point charges. 


For Part (b) we must compute how much charge was added to 
each ball. This can be determimed by using Coulombs law 
=Q?⁄r?, or Q= v/Fr?. Substitution of 565 dynes for #' and 
10 em for r gives Q= v/565 x 102 = 238 statcoulombs. The num- 
ber of electrons added is this value divided by 4.8 x 1019, or 
4.95 x 1011 electrons. 

For part (c) the ratio of added electrons to original electrons 
(or protons) 1s the above 4.95 x 1011 electrons divided by the 
3.01 x 103 electrons of Example 1, which ¡s 1.65 x 10-12, The ratio 
of electrons to protons 1s then 1.00000000000168. We note again that 
very small charge excesses give rise to gross effects. 

According to Newton's law of gravitation the mutual gravita- 
tional attraction of the two balls 1s 
F y M2 SG 


=“¬..= 6.67 x 10-3 x SH: 6.67 x 10-5 dyne 


Note that the electrostatic force between the balls is 8.5 x 1011 
times as much. 


kxumpie 3 

According to the Bohr theory of atomic structure the hydrogen 
atom consists of an electron revolving about a proton ïn a circular 
orbit (see Flg. 7-4). The radius of the Bohr electron orbit in hydro- 
gen 1s 0.53 x 10% em. (a) What 1s the forcee between the electron 
and proton? (b) What is the electron velocity? (c) What is the kinetie 
energy of the electron? 


According to Coulomb's law the force would be 
e2 (4.8 x 10-19)2 : 

==-_. ẽ =2. U 
r? — (0.53 x 10-3)2 x yne 


Since thịs is the centripetal force which keeps the electron In orbit 
we have 


ấU 


Hề—=F where m = 9.1 x 10? gm 
r 


1s the elecetron mass. 


P— THni _— /0.53 x 10-8 x 8.2 x 10-3 
= .... 9.1 x 10-28 
Ú = Z.1Ó XU CHỦ /SCC 


The kmetic energy 1s 

KE = ‡mu? = }(9.1 x 10-2%)(9.18 x 10%)? = 2.16 x 10-1! erg 
Another common unit of charge that we shalÏ encounter 

m the next two chapters Is the coulomb. For very mnportant 


reasons which wIll be điseussed in Chapter 8, the coulomb 1s 
related to the stateoulomb by the speed of ght. 
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Fig. 7-5. Charging a conducting sphere by induction. 


Nonconductor 


Conductor 


` . 


1 coulomb = _€ statcoul _ a x 109 stateoul 
10 cm/sec 


where e = 3 x 1019 em/sec is the speed of light. Actually 
there are several different systems of eleetrical units Im use 
today. One common system used in certain ñelds of engineer- 
ing and appearing in some physics textbooks Is called the 
rationalized MKS system. In this system, # is in newtons, 
rn meters, and @ in coulombs. Then K would be c2/107, 
where e is 3 x 108 m/sec. However, in this system 1/47o IS 
used in place of K, so that eo = 107/4zc2. In the MKS system 
Coulomb)s law becomes 


LG 


€0 4mr2 


newftons 


where eo = 8.85 x 10-12 coulomb2sec?/kg m?. In this book 
we need not worry about such additional complications. 

Another advantage to our system of units is that we wIl 
see when, how, and why the speed of light enters into the 
equations of eÌlectricIty. 


1-4 Electrostatic Induction 


UnHimited “produecHon`` oƒ charge 


One of the easiest ways to charge a gÌass or plastie rod 1s 
to rub it with a cloth. Some of the charge on the rod can then 
be given to objects such as pith balls by touching them to the 
charged rod. However, by making use oÝ electrostatic Induc- 
tion it is possible to charge conductors over and over again 
without giving up any of the original charge of the rod. A 
conduetor has the special property that the outer electrons 
of each atom are no longer bound to their particular atom. 
They are free to flow anywhere in the conductor or into a 
connecting conduetor. Thus in Fïg. 7-5œ when the negatively 
charged rod is brought near the spherical conduetor, the 
electrons are repelled to the far side. I the sphere 1s touched 
by hand (the human body is a conduetor), these electrons 
are now free to be repelled even farther away and leave the 
sphere eompletely. If the ñnger is removed, the sphere is left 
with a net positive charge. Phis can be done to as manV 
spheres as desired without losing any of the original charge 
on the rod. 
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Eig. 7-6. Charging a large conducting sphere by contact on 
the inside. The principle of the Van de Graaff generator. 


Conductors Bo À 
SiỆ 2 
Độ 


DefintHon oƒ clectriec fteld 


In fact with the heÌp of a larger hollow sphere this original 
charged rod can be used in principle to buïld up a glant 
charge at a potentlial of miÌllions of volts (potential will 
formally be defined in Sectlon 7-9). We will see Im the next 
section that a charged conductor must have all its charge 
on the outside surface and none on the Inside. In Flg. 7-6 we 
can insert the small charged sphere from Fig. 7-5 through 
a hole into the larger sphere and touch 1t to the inside sur- 
face. Then electrons from the outside surface will Immedi- 
ately run Into the small sphere and neutralize its charge. 
The outside surface wHỦll now contain the origimal positive 
charge of the small sphere. After repeatmg this operatlon 
many times the total charge on the outside of the big hollow 
sphere wïll be the charge on the small sphere tImes the num- 
ber of times this process has been repeated. “This 1s the 
principle of the modern high voltage Van de Graaff genera- 
tors which are used to produce millions of volts. In the Van 
de Graaff a continuous belt delivers charge to the mside of 
a large hollow sphere rather than doïng the process by hand 
and step by step. 


T!-3  Electric Field 
Whdat the ƒorce tuould be euerytphere 


One of the purposes of using electrie and magnetic fieÌds 1s 
to avoid the concept of action at a đistance. IÝ we have a 
charge at point Ð, according to Coulomb's law 1t is afected 
by all other charges at their respectIive distances; that 1s, 
force at a distance. But when we use electric field, we say 
that all these other charges produce some condition in the 
environment at point ; that is, an electric field at Ð. If we 
know the fñeld at Ð, we can describe the force on a charge 
at that pomt without any further reference as to how the 
feld eame about. In this sense electrie and magnetic fñelds 
are mathematical defñnitions which simplify calculations 
and should make things easler to understand. “The electrlc 
field at any positlon In space 1s defined as the electrlc force 
on a small stationary test charge ø divided by g. 

B=E (7-4) 
g 


is the eleetric field where E 1s the electrostatic force on 
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tield produced by a point charge 


Fig. 7-7. Electric feld produced by an electric dipole. 


charge g. The unIts of E are dynes/stateoulomb. Hence the 
eleetric feld at a given point 1s numerically equal to the force 
a 1 esu positive charge would experienee at that poïnt. Elec- 
tric field at any point in space 1s what the force per unit 
charge would be at that point 1ƒ we had a test charge avalla- 
ble to measure it. The electric field is produced by all the 
o(her charges In the problem. Although the test charge 1tself 
produces an electric field, this contributlon must not be 
used in calculating the force on the test charge. 

Next we shal] determine the fñeld # produced by one of the 
“other” charges, a single point charge Q. According to Cou- 
lomb's law, the force on a test charge g at a distance ? from 
Qis F= g(Q/72). The fñeld # at this position 1s obtained by 
dividing by g: 

mi (7-5) 
r2 

1S the electrlc field at a distance r from a simgle point 

charge Q@. 

In many physical situations there will be several point 
charges, or a smooth distribution of charge. 'Then the result- 
ant feld E at any g1ven point would be the vector sum of the 
separate fields due to each charge alone. 


Example 4 

An electric đipole is defned as two equal and opposite charges @ 
separated by a đistance E as Illustrated in Fig. 7-7. What ¡is the feld 
E.at a point equidistant from each charge of an eÌectric dipole? The 
distance from the poïnt to each charge Is r. 

Let #¡ be the field due to charge No. 1. Then 


TC 


3 


By similar triangles E, ¡ — L/r. Then E = (L;r)Eì,or E = DLQ r3. 


In the above example note that the force due to a dipole 1s 
an inverse cube law rather than the usual inverse square law. 


1-6 Lines 0f F0ree 


A poor man s cqlculus 


The direction of E as one travels through space can be 
imndiecated by continuous lines such as are shown In Flg. 7-8. 
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Fig. 7-8. (z) Lines of force diagram for two equal but un- 
like charges. (ð) Lines of force diagram for two identical 
charges. (e) Lines of force diagram for two charges whose 
values are — @Q and +2. 


(œ) 


(b) 


(c) 


These lines of E happen to be called lines oŸ force. Lines of 
force can be used quantitatively as a powerful and respect- 
able mathematical tool in electrostatics (nothing is moving). 
However, in problems dealing with moving observers, the 
lines of force formalism does not hold and must not be used. 
By using this formalism ïn electrostatics we wIll be able to 
derive and prove many things which normally require ïn- 
tegral calculus. For example, we will be able to prove with 
almost no effort that the gravitational feld of the earth be- 
haves as I1 all the earthìs mass were concentrated at the 
center. As explained in Chapter 3 thĩs was the great stum- 
bling block that caused Newton to withhold his Law oŸ 
Gravitation for many years. The following 1s a list of state- 
ments that we will verify using lines oŸ force: 


1. The fñeld of a uniformly charged sphere 1s Ÿ = Q/7? 
outside the sphere. 

2. The fñeld imside a uniformly charged spherical or 
cylindrical shell 1s zero. 

3. The field everywhere inside a conductor 1s Zero. 

4. fxcess charges can only be on the outside surface oŸa 
conductor. 

5. The field outside a cylinder or line charge oŸ ø stat- 
coulomb/em is  = 2p/r. 

6. The field due to a uniformly charged plane of ø stat- 
coulombs/cm? 1s Ÿ = 2zơ. 

7. "The field between two capacitor plates of area A and 
charges +@Qand —@Q 1s Ÿ = 4z(Q/A). 


For the lines of force to be a quantitative tool, the number 
of lines passing through each square centimeter must be 
numerically equal to # as illustrated in Fig. 7-9.* IÝ ÄÝ 1s the 
number of lines passing through an area of A square centi- 
meters and # is perpendIeular to A, 


-„ 
= 
OT 
N=E-A (7-6) 


*]Ýf E = 1.5 dyne statcoul some square centimeters will eontain one lỉne 
and others two lines. In order to avoid such least count difieulties, we could 
use a large-scale faetor, say divide each line into 108 sublines. 
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Fig. 7-9. Lanes of Íorce corresponding to a fñeld # = õ 
dynes/statcoulomb poïnting up. There must be five lines pas- 
sing through each square centimeter. 


Fig. 7-10. Figure for Example 6. 


Q.4: Is it ever possible to have a zero electric field produced 
by several point charges all of the same sign? 


If E is not perpendicular to A, then ý = #,:A, where #, Is 
the component of E, which is perpendieular to A. 


Example õ 
Fifteen lines of force cụt through an area of 3 em”. If this area Is 
perpendieular to the lines, what is the magnitude of the electric feld? 

Solving Eq. 7-6 for Ÿ gives 
N 15 


lỗ, = Paxr. 5 dynes/statcoulomb 
Exampte 6 

An area o£ 3 em? is in a uniform field of # = 100 dynes/statcoul. 
If the angle between the lines and the surface is 30? as shown In 
Fig. 7-10, how many lines wilÏ cụt through the surface? 

From Eig. 7-10 we see that , = Ÿ sin 30” = 50 dynes/statcoul. 
Equation 7-6 gives 


4 = h.,'Ä —90-ỏ — l0U mes. 


We shall now calculate the total number of lines at a dis- 
tance # from a point charge Q@. The total area at this distance 
1sA = 4z2. According to Bq. 7-6 


N_=E-(4nF) 
SỈ no 
N = R2 4„R2 
ÑN = 4Q (7-7) 


is the total number of lines leaving a point charge Q. Note 
that this result is independent of #. 'Thus the lines leaving @ 
are continuous in space and travel out radially to inñnity. 
If Q ïs negative, the direction is reversed: the lines travel 
from infnity and terminate on the charge Q). 

WIH the lines of force of the resultant field also be con- 
tinuous when we have two or more charges as shown in 
Fig. 7-8? The answer is yes, but one must prove thĩs using the 
quantitative relation E.q. 7-6. We shalÏ prove 1t for the case of 
two poiïnt charges, although the same derivation can be used 
for any number of poïnt charges distributed ín any way. For 
two charges the resultant field 1s 


E=E;+E 
and 
E; = (En); + (E:); (7-8) 
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Gauss”s Lauu 


Ans. 4: Yes. One example is equal charges equallÌy sbaced on 
a cirele. Then the field at the center will be zero. 


1s the x-component of E. Consider any small area 4 and 
choose the x-axIs perpendicular to 4. Let Ñ be the lines of E, 
and ¡ and N; be the lnes of E¡ and B¿, respectively that 
pass through A. Then 


TMï = (Dị), 1/2 (Lo). À1 H. ì (7-9) 
Multiplying Bq. 7-8 by A gives 
E;:A = (E);:A + (b;);:A 


Now substitute ñqs. 7-9 in the above equation and we obtain 
the expected result 


N—N¡+ộN 


Since ¡ and ; are each separately continuous, their sum 
must also be continuous. We have now shown that lines of 
force can never suddenly start or stop except on charges. Also 
the total number of lines passing through a surface which 
completely encloses both @¡ and @»› 1s 4z(Q¡ + Q›). Hence 


UP 47€}kotaì 


for any arbitrary shaped body of total charge Qoai. We shal] 
fñnd thĩs relation so useful that ít deserves a special name. Ït 
is named Gauss”s law. 

For example, IÝ two charges Q¡ and @Q»› are somewhere Im- 
side a cubical box of volume (Ù cm)3, the number of lines 
leaving the box wlll not depend on the area which is 612. 
Neither wIll it depend on the positions of @¡ and Q›. They 
can be anywhere inside the box. Suppose there is a thid 
charge Q3» Just outside the box. Some lines from 1t will enter 
the box, but these same lines wil]l also leave the box and their 
net effect 1s zero. (An entering line is the negative of a leaving 
line.) No matter what we đo, the net number of lines leaving 
the box must be 4z(Q¡ + ›). 

In summary, lines of force must obey the following rulÌes 
for charged bodies of any shape and distribution: 


1. The total number of lines leaving a body of total charge 
Q 1s 4Q. 

2. Lines oŸ force are continuous. They can never start or 
stop except on charges. Otherwise they travel to InÑnIty. 
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3. Lines offorce can never cross. [f they did eross, E would 
have two different directlons at the point oŸ intersection. 


The above formalism follows mathematically from Cou- 
lomb's law and may be used 1m Its place. By using this new 
formalism and principles of symmetry we can now prove the 
seven statements listed on page 160. Thịs wIll be done In the 
following section. For those who may read other books on 
electriclty, 1t should be pointed out that our deñnition of lines 
of force 1s the same as that of electric fux. The two terms can 
be used interchangeably. 


T-T Charge Distrihutions 


A quich t0ay to mabe an tnfinite number 0Ệ 0ecfor 
qddtfions 


The qualitative lines of foree pattern for diferent charged 
objects can be displayed by suspending grass seeds in an in- 
sulating liquid as shownin Fïig. 7-11. An electric feld induces 
equal and opposite charges at the ends of a grass seed, tend- 
¡ng to Ìme it up with the fñeld. 


tield due to charged sphere 

Let us first đispose of the problem that gave Newton so 
much trouble. First we shall consider a uniformly charged 
sphere of total charge Q. Because of the spherical symmetry 
the lines of force leaving the sphere wIll be of uniform density 
on all sides and radiate out from the center. According to 
Bq. 7-6 the field at point Pin Fig. 7-12 is E = ung, where 


total 

Aorai = 4772 1s the spherlcal surface of radius z. According to 
Gauss”s law Mai = 47Q. Thus  = 4zQ/4779,or E = Q2. 
According to Hq. 7-5 this is exactly the same result as would 
be obtained by concentrating the entire charge Qinto a poïnt 
at the center of the sphere. In the gravitational case one uses 
gravitational feld (gravitational force per unit mass) in place 
of electrostatic field (electrostatic force per unit charge). 
Smce gravitational foree is also an inverse square law, the 
lines of force formalism can also be applied to gravitational 
fields and we have completed the derivation which took 
Newton so many years. 
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Fig. 7-11. Photographs of lines of force patterns around 
various charged conductfors using grass seeds suspended in 
an Insulating liquid. (Courtesy Berenmice Abbott, Educational 
Services Ĩnc.) 


(œ) Two rods with the same charge. 

(b) Two rods with equal and opposite charge. 

(c) A charged cylinder. Note field is zero everywhere Inside. 

(đ) A charged conductor o£arbitrary shape. Note field is zero 
1mside. 

(c) A single charged plane. 

() Two charged planes of equal and opposite charge. A 
capaŒItor. 
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Eig. 7-12. Lines of force leaving sphere of charge @ and 
radius #. 


¬— ca 5V2 
/ Á oi = 47 


Fig.7-13. Uniformly charged eylindrical surface showing 
lines of force. 


Suppose n Eig. 7-12 that all the charge were concentrated 
on the surface rather than beIng uniformly distributed 
throughout the volume. Then the lines of foree would appear 
Just as shown mm Fig. 7-12. Any lines of force Inside the sphere 
would either cross each other or else violate the eondition of 
spherical symmetry (there can be no preferred direction 
away from the center). Thus we see that the field anywhere 
mside a sphere or cylinder oŸuniform surface charge must be 
Zero. 


tield tnstde a conductor 

We can show that there can be no field inside a current-free 
solid conductor by considering what would happen If there 
were a field # inside. The conduection electrons mside would 
each experience a force, —e#, and they would move. But 
moving electrons constitute an electric current, thus violat- 
¡ng our condition that the conductor must be current free 
(electrostatics 1s the study of charges at rest). Actually when 
a charge ¡s initially applied to a solid eonduetor, there 1s a 
fñeld inside, and charges move around quickly readJusting 
themselves until a static equllibrium 1s reached. 

We can now show that all the excess charge Im a econductor 
must be out on the surface. Suppose there were an excess 
charge g anywhere inside the conductor. Since 4zg lines 
must leave this charge, there would then be limes of force 
imnside the conduector, and this would violate the previous 
condition that no lines can be inside a conductor holding 
statlonary charges. 


kield due to uniƒormly charged cyhnder 

The cylinder m Fig. 7-13 has a uniform charge of ø stat- 
coulomb per centimeter of length along the cylinder.* Since 
the up direetion can have no preference over the down đirec- 
tion, the lines must be perpendicular to the cylinder and ex- 
tend out radially. Consider a length Ù centimeters along the 
cylinder. This length of the cylinder contams a charge 
and thus radlates W = 4zoL lines. According to Eq. 7-6 the 
field 1s 


*'The symbols ø and ø are the Greek letters rho and sigma respeetiveÌy. 
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Fig. 7-14. Lines of force from a uniformly charged infnite 
plane (side view). 


 -———— all — 
“——————|t+Ì  ——_——> 
#®=————— --—|*†—————————=> 
“———- ———————l*|——————- -~ 
——- —————Y'|————- 
“~= ——————E'|————=———————`* 
“#“—==——————\|::|Ì|————-..—... 


Fig. 7-1ã. Lines of force diagram for two parallel mfnite 
planes of equal and opposite charge. 


Q.5: What is the feld both mside and outside the parallel 
planes of Flg. 7-15 when the charges on them are equal and 
of the same sign? #¡n =—__— __. out = 


#=— (7-10) 


outside the cylinder at a distance r from the axis. Thịs result 
is also true for a charged wire or line charge of ø stat- 
coulomb/em. 


kxample 7 

We wish to fnd a formula for the force per unit length between 
two parallel charged wires of charges ø¡ and ø¿ stateoulomb/em re- 
spectively which are # em apart. By Newton”s third law, the force 
on a 1 em length of Wire 1 must be the same as on a 1 em length of 
We 2. 

We can find the foree on 1 em of Wire 2 by finding the electric field 
at the position of Wire 2 that is produced by Wirc 1: 


Pa Wnc K 


Then the force per unit length on Wire 2 is its charge per unit 
length times #¡: 


1 2p 2p10a 
— = 6 k = mủ ( ) —= ——————— 
Tã 0221 Đa» P P 


Chargcd pÌanes 

Consider the uniformly charged plane in Fig. 7-14 oŸ ø 
statcoulomb/cm2. The total number of lines leaving each 
square centimeter 1s 4zø. Since there can be no preference of 
right over left, these lines must divide equally to the right 
and to the left. Smce the Øeld is the number of lines per 
square centimeter, 


E — 2mơ (7-11) 


everywhere in space. We shall next consider the case oŸ two 
parallel planes of equal and opposite charge density (Flg. 
7-15). Since E is a vector quantity, the field anywhere In 
space is the sum of the fields due to each plane separately. 
In the region outside the planes the feld would then be 


E = 2nø + 2m(—ø) = 0Ö 


Between the two planes the feld would be made up of the 
E = 97p pointing away from the left plane plus the # = 2ø 
pointing toward the right plane. Thus 


 = 2mg + 2m0 pointing to the right 
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Ans. õ: Inside the separate fields point in opposite direectlons, 
so ¡an = 0. Outside they add, so out = 470. 


OT 
È = 4ng between the plates (7-12) 


A common electrical đevice used in many electrIcal circults 
1s the capacitor or condenser. Both words are commonly 
used for the same thing. The capacitor consists of two plates 
of area Á separated by a small distance ở. In most applica- 
tions the capacitor has a charge +Q) on one plate and — Q 
on the other. The charge density 1s then ø = Q/A. According 
to Ba. 7-12 


Q 
k= LƯPT (7-18) 
for a parallel plate capaclItor. 

Actually in many practical capaciItors the space between 
the plates is fñlled with a dielectric substance. A dielectric 
has the property that, when Inserted Im an electric feld, Im- 
duced charges appear on the outside which reduce the 
strength of the ñeld Iinside the dielectric. In this mstance @ 
im Bq. 7-13 must be the sum of the original applied charge and 
the induced charge which is smaller and of opposite sign. 
The ratio of the ñeld in vacuum to that m the dielectric 1s 
defined as the dielectric constant c. 


1-8 Electric Potential Energy 


A fnữe qmounf of torb ouer an tnftmtfe địstanece 


It was pointed out in Chapter 5 that there can be many 
different kinds of potential energy. Potential energy can be 
thought of as stored-up energy available for further use. lf 
energy can be stored up by lifting a mass against gravity 
(overcoming gravitational force), or stretching a spring (over- 
coming the spring force), it can also be stored up by moving 
a charge against an electric force. Then when the charge 1s 
released, the electric force wïll accelerate 1t and g1ve back the 
same amount of work that was done agaInst it. According to 
the definition of potential energy on page 103, when a charge 
q 1s moved from poïnt 4 to poïint Ö, the increase in potential 
energy wIll be 


Ủng — Ủa = —F,' Ax (7-14) 
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Fig. 7-16. Point charge g near a charged sphere of total 
charge Q. 


Q.6: The potential energy (, — p) is the work done m 
moving the pomt charge g from z to #. True or false? 


where #, is the average x-component of the electrostatic 
force and Ax is the distance from A to Ö. “This contribution to 
potential energy due to electrostatic forces 1s called electric 
potential energy. 

As an example we will consider the potential energy of a 
positive test charge g placed between the charged parallel 
plates shown in Fig. 7-15. The force on g is pointing to the 
right and has the value g#. In order to do positive work on g 
1t must be moved to the left. Hence g wIll have a higher 
potential energy when at the left-hand plate than when at 
the right-hand plate. The potential energy diferenee 1s gEd, 
where ở is the distance between plates. If the charge 1s Íree 
to move on Its own, it wIll accelerate toward the ripght-hand 
plate converting electric potential energy to kinetic energy 
along the way. 


Potentiql energy oƒ a sphere and a poinf charge 
Suppose the force #> 1s due to the electric fñield produced 
by a charged sphere of total charge Q, as shown mm F1g. 7-16, 
then #' = Qg/r?. Mathematically this 1s the same problem as 
the potential energy of a mass # in the gravitational 8eld 
produced by a sphere of mass Ä. In the gravitational case 
Ứạ= —GMm/r?. Both the electrostatic and gravitatlonal 
forces are inverse square forces, and one can be transformed 
to the other by replacing the constant (GÄfm) with (— Qg). 
Hence we can obtain the formula for gravitational potential 
energy by replacing the constant (GÄfm) m Eq. 5-6 with 
(— 4) giving 
0,— 8= =x(§ ~3) 


Ƒ 
-œ(}~3) 


W© recall that thĩs 1s the amount of work that must be done 
m order to move the point charge g from the surface of the 
sphere to a distance r from the center as shown 1n Flg. 7-16. 
I the force 1s attractive (the product Qg 1s negative), this 
potential energy diference w1ll be positive as 1t was wIth the 
gravitational case. But if the electrostatic force 1s repulsive 
(Qqg 1s positive), the quantity ; — g w1ll be negatIve. 
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Poftenfial energy 0ƒ ttuo potnf char8ges 


Ans. 6; False. It is the work In moving from ?È to r. 


Potenfral energy oƒ ttuo point charges 

Đince the fñeld W outside a sphere of charge @ is the same 
as the field produced by a point charge of charge @, the ïn- 
crease In potential energy in going from point A to point 8 
must also be 


óc L ¬ ¬ (7-15) 
Tp FA 

whefe 7 and rg are distances from a poïnt charge Q. Thịs is 
the work done against the electrostatic force in moving g 
from point 4 to point Ö. It is nteresting to note that this 
amount of work must be independent of the path taken in 
traveling from A to Ö. Hf the work was greater by one path 
than by another, one could have a source of perpetual energy 
by traveling from A to 8 cver the path of smaller work and 
always returnng by the path of greater work. Since the work 
done by the electrostatic force on the return trip gets con- 
verted into kinetic energy of the moving charge, there would 
be a net gan of energy on each round trỊp. 

In all our calculations of energy transfer, onÌy the cbange 
1n potential energy oceurs. Howover, it is eonvenlent to speak 
Of £he potential energy of a test charge g at a distance rÍrom 
a point charge Q. Such a definition of “absolute” potential 
energy must be arbitrary. lt Involves the cholce of an arbi- 
trary posillon or reference level from which to measure 
potential energy. The eonvention is to measure the potential 
energy from the distance " = œ. In Eq. 7-15 let Ứ¿ be this 
reference level (r4 = +). Then Ứ¿ = 0 and 


% 


.. 


OT 


Thịs 1s usually written as 

“. (7-16) 
lm 

(potential energy of two pomt charges separated by a dis- 


tance r). The physical meaning is that the electrle potential 
energy of two point charges sebarated by a distance z is 
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the amount of work required to bring the charges this close 
together starting from an Infinite separation. [f both charges 
are the same polarity, the eleetrostatic force wIll be repulsive 
and it will take positive work to bring the charges from 
imnñnity to a distance r apart. However, If the polarities are 
opposite, then the work done, or potential energy, will be 


Eig. 7-17. Potential diagram oŸ an electron in the fñeld of a negative. - : 

proton. The curve is the potential energy of the electron as As an example, let us consider the potential energy oŸ an 

a function of its distance z from the proton. electron 1n the field of a proton. For this example @Q = e 
(charge of proton) and g = —e (charge of electron). Then 


U(r) 
U = —c?/r. Thịs funetion 1s plotted m Elg. 7-17. 


Binding energy 


*W=KE + U 


Suppose the electron 1s Initially at rest a distance 7o from 
the proton. "Then its total mechanical energy 1s Wẹ = 
KEB+ U, where KH = 0 and  = —e3?/rọ with the result 
that W = — €2/ro. If left to itself, the electron will accelerate 
toward the proton, pIcking up kinetie energy and losmg a 
corresponding amount oŸ potential energy. According to the 
law of conservatlon of energy the sum (KH + ) must re- 
main constant and equal to Its Imitial value of Wa. The 
relationship Wo = KE + Ù can be convenientÌy represented 
using a potential diagram (see page 105). In Fig. 7-17 the sum 
Wo = KE + Ù has a constant value and 1s represented by 
the red hortzontal line. Since KE = Wo — , the kimetie 
energy 1s the điference between the helght of this line and 
the height of the curve of Ứ, At r = ro this diferenee 1s zero. 
Thus ro 1s the maximum possIble distance that an electron 
of total energv W can be from the proton. Note that In this 
điagram, both Ws and are always negative; however, the 
điference (We — ) 1s positive whenever 7 1s less than 7o. 


Bmdling energy 
The binding energy of the electron is defned as the 
Q.7: The potential energy in Eq. 7-16 is the work đone ïn amount ofexternal energy that must be supplied to the elec- 
moving đ from a distance r to inñnity. True or false? tron im order for it to get to Infnity. Physically thịs 1s the 
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amount of energy needed to pull the electron and proton 
completely apart. In order for the electron to Just barely get 
to r= œ, its KE = 0 when r= œ. Substituting KE = 0 
and r= œ mto the equation W = KE+ Ù gives W = 
0+0. If Wo is negative, the electron energy 1s lower than 
Wo = 0 and we must supply an additional positive energy 
(— Wo) in order to get W = 0 so that the electron can øo to 
Inũnity. By defñnition this is the binding energy BE; that Is, 


EBE= “Mộ 
Bimding energy OF 


lb)g CC z= 


ro 


"The binding energy must always be a posItIve number. 


Exampile 8 
An eleetron has a kinetic energy of 1.6 x 10-1! erg when it is 
2.4 x 10% em from a proton. What is its binding energy? 


Di 7000 0ô CC 
/ 


_.. (48x 10-19)2 
ð“X¬ ốc c0 S2 
, ° 242x105 CS” 


Wo = —7 x 10F1lerg 
Thus the binding energy is BE = — Wo = 7 x 1011 erg. 


Examptle 9 

In the Bohr model of the hydrogen atom the electron is In a er- 
cular orbit of radius  = 5.3 x 10-9 em. (a) Derive a formula for 
the binding energy In terms of e and # only. (b) What is the binding 
energy mì ergs? 

The binding energy 1s 


BE = —WWo 


= - me .— =) 
2 R 


Another expression for ø can be obtained by equating the centripetal 
force to the electrostatic force: 


._ 
R — R 
OF 
Ans. 7: False. It is the work done In moving g from infinity ` 
tÓ 7, j 
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Q.8: Suppose the electrlc potenfial 1s Inereasing as one moves 
along the x-axis. What 1s the direction oŸ #„? 


Substituting this in the equation for binding energy g1ves 


2 2 
-w« =1(§) x§ 


(§) 1s the answer to Part (a) 


_ 1 48 x 1019)? 
—Ø B5ã$;cïp” 
= 21,9 lU 1“ GEp 


†-9 Electric Potential 


Where uolts come ƒrom 


Just as electric force per unIt charge 1s a convenient quan- 
tity to work with, so 1s electrlc potentlal energy per unIt 
charge also convenlent. The force per unit charge was gIven 
the name electric field. The electrilc potential energy per 
unit charge 1s given the name electrie potential. By deftion, 
the electric potential at any Øiuen point In space 1s the uuorh 
that must be done to bring a unit posifiUe charge from tnƒfinity 
to the giuen porn(. The GS unIt for potential 1s erg/stat- 
coulomb. “Phis unIt 1s given the speclal name of statvolt. In 
the MKS system the corresponding unit is joule/coulomb 
which bears the special name of volt. The conversion factor is 


1 statvolt = 300 volts 


lí a test charge g has an electric potential energy at a 
ø1ven poøïnt 1n space, the potential V at that point In space 
1s then 


y (7-17) 
q 


The work done on a charge g in moving it a distance \v 
agalnst a field 1s the force —g; times the distance Ar. 
Thus 


AÑU = —qgE,Ax 


1s the Increase 1m electric potential energy. Dividing both 
sides by g gIves 


AV= -k„àx (7-18) 


Fleti0statics | 113 


Eig. 7-18. A spherical capaclItor consisting of two concentrie 
shells of radii #¡ and ?#s. 


II 


Ans. 8: #„ is im the negative direction and has the value 
j. A) L4 
0 =ẽ 


Ax` 


xample 10 

The electric potential energy of an electron is 21.8 x 10-12 ergs. 
(a) What 1s the potential in statvolts? (b) What 1s the potential 
In volts? 


Since 1 statvolt = 300 volts, we multipÌy by 300 to convert. 
VÝ = 300 x 0.0453 = 13.6 volts 


Capacitance 

A simple application of Bq. 7-18 is to calculate the poten- 
tial diference V between two capacitor plates. Since # 1s 
constant between the plates, V = — #Wở 1s the potential dif- 
ference between the pÌates where ở ís the pÌate separation. 
Substituting the expression for # in Bq. 7-18 gIves for the 
magnitude oŸ V; 


= tự Q (7-19) 


Note that the potential diference 1s directly proportional 
to the charge. The ratio of charge to potential diference 1s 
a useful quantity defined as the capacitance or capacity €. 


=Ắ: : 
c=Š (7-20) 


The capacitanee of a parallel plate capaeitor 1s then obtained 
by substituting the right-hand side of Bq. 7-19 into Eq. 7-20. 


= `. 
Œ@ = Ta for a parallel pÏate capacItoi 


With a dielectric between the plates, # and thus WVis reduced 
by a factor e for a given applied charge @. For a parallel plate 
capacitor with dielectric of strength ‹, C = ‹(A/4zdđ). 


Example I1 

The spherlcal capacitor In Fig. 7-18 has a charge + on the Inner 
spherical shell and — Q on the outer shell. What 1s the electrostatle 
field in regions I, H, and TH? What is the capaciItance? 

In this problem the lines of force wIl exist only in region II. 4Q 
lines will leave the inner surface and terminate on the outer. Thus 
Ei and ti are zero. The field m reglon IÍ is 4€ (the total number 
of lines) divided by 4zr2 (the total area through which these lines 
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Eig. 7-19. A charged electroscope. 


Metal ball 
and rod 


Insulating collar 


pass). Thus #¡ = Q/r?. Since this 1s the same field as for a point 
charge @, Eq. 7-1 can be used to obtain the potential difference 


Rlis 


=———— sthecapacitance 
RE E š 


The Electroscope 

An early device used to detect charge and measure electric 
potential 1s the electroscope shown ïn Fig. 7-19. If the metal 
ball on top 1s touched to a charged conduector, the thìn metal 
leaves (gold or aluminum föoil) acquire the same potential as 
the conductor. The charge on the leaves will be proportional 
to the potential diference between the leaves and the case. 
The repulsive force between the leaves due to theïr identical 
charges can be measured by observing the amount of deflec- 
tion on a scale. 

An electroscope can also be charged by induction in the 
same way as was the sphere in Flig. 7-5. A charged electro- 
scope can be used to detect the presence of charge and to 
determine its sign as well. Suppose a negatively charged rod 
is brought near a negatively charged electroscope. The rod 
repels additional electrons down Into the leaves and they 
diverge even more. A positively charged rod would attract 
some of the surplus electrons up Into the baÌll and the leaves 
would deflect less. 

Over a perlod of several days a charged electroscope wIll 
gradually lose 1ts charge, because a small number of alr 
molecules are continually being ionized due to the cosmilc 
rays. Some of these lons can take up the surplus charge on 
the electroscope. The discharge rate of an electroscope 1s 
proportlonal to the amount of background radiation (radio- 
actIvIty). A common device used to measure the radiation 
dose recerved by personnel 1s a small electroscope the size of 
a pencIl. The amount ö£ đischarge of such a pocket dosineter 
can be read easlly by holding it up to the light. Thịs simple 
device 1s Invaluable for use ín cIvil defense. 
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Pr0lÌlelns 


Prob. 3 

s8 làn 
ø A 

ạ \ 
⁄ \ 
O4s—2 cm—+O | 
+Q -Q 
/ 

” 

`. ` ~- 


Summary 

W©e are now halfway through our study oŸ the theory of 
electricity. We know ín principle how to calculate the forces 
and energles of stationary charged objects. In Chapter 8 we 
shall study a new kind of force that onÌy occurs when charges 
are moving. 'Thỉs force is called the magnetic force and we 
shall see that 1t can be thought of as a relativIistic correction 
to Coulomb's law. We shall also see that this magnetic force 
provides the explanation for magnetism and electrie motors. 
Then we shall study another class of phenomena (electro- 
magnetie induction) that occur only when electrlc currents 
are changing In value. Finally, all the laws of electricity wIll 
be combined in an attempt to prove that a changing current 
will radiate a travelng electromagnetle wave of velocIty 
U = c. The climax of Chapter 8 wIll be to demonstrate the 
fñnaÌ great achievement of classical physlcs—the explanation 
of light mm terms of the theory of electrieIty. 


1. A positive charge is applied to a metal sphere. WIl] Its mass 
Increase, decrease, or remain the same? 


2. A charge of —40 esu is placed 10 em from a charge of + 90 esu. 
(a) What is the force between them? 
(b) How many lines of force go to mÑnity (assuming no other 
charges anywhere)? 


3. An elecfric dipole consists o£ two charges + and —@ of 100 
statcoul each, 2 em apart. 
(a) What is the net number of lnes of force leaving the dashed 
spher1cal surface? 
(b) What is the electric potential at the center o£ the sphere? 
(e)  What is the electric fñeld at the center of the sphere? 


4. A negative charge of — 10 statcoul sits at the center of a hollow 
metal sphere which contains a positive surface charge o£ 15 statcoul. 
(a) Draw a lines of force diagram to represent the resultant 
electrie field. 
(b) What is the net number of lines of force radiating out from 
the sphere? 


5. A charge of6 103 esu is 1m from a 3-gm pith ball that carrles 
a charge of 300 esu. What is the initial acceleration of the pith ball? 


6. Onone corner oŸa square that has 10 em sides is placed a charge 
of + 400 esu and on the opposite corner is a charge o£ +300 esu. Find 
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Prob. 7 
Q› 


©<— 10 em —>O 


10 em 


O 
Q; 


the total force on a +10 esu charge placed at a third corner of the 
Square. 


7. A 10 cm by 10 em square has charges of 100 esu magnitude on 
all four corners. Give the magnitude and direction of # in the center 
of the square ïf the signs of @¡, Qs, Q3, and @¿ are 

(a) + +++. 
(b) +—+-. 
"` == 

8. Calculate the potentials m the center of the above square for 
Parts (a), (b), and (e). The resultant potential is the algebraic sưm 
o£ the separate potentials. 


9. Which of the following physical quantities have the units of 
electric ñeld. Ö (in gauss); g/r; g/7?; volts/cem; W/g; Cg? 


10. A hịgh energy accelerator shoots a beam of protons of kinetic 
energy KH = 1.6 x 10-5erginto hydrogen gas. 
(a) What will be the electric potential energv in ergs between 
a beam proton and a hydrogen nucleus when they are at their 
cÌosest possible distance of approach? 
(b) Would this potential energv be positive or negative? 
(c)_ What is the closest đistance of approach in em? 


11. How many electrons per gram are there in hydrogen, carbon, 
and uranium-2382 


12. A negative rod is brought near an uncharged electroscope. The 
leaves separate. What charge is on the leaves? The ball is then 
momentarily touched by hand. Then the rod is moved farther away. 
Now what charge is on the leaves? 


18. An electroscope is charged by induection with a glass rod that 
has been rubbed with silk. An unknown charge is brought near the 
electroscope and the leaves are found to converge. What is the sign 
of the unknown charge? 


14. Suppose that in the helium nucleus there are two protons 
separated by 1.5 x 10”13em. 
(a) What is the electrostatie force between them? 
(b) How much work must be đone ïn order to bring two protons 
thịs close together? 


lỗ. An electron is 5.3 x 109 em from a proton. How much velocity 
must it have to escape from the proton? 


16. What is the ratio of the electrostatic to gravitational force for 
two protons? 


17. Consider an electron of charge —e and a neutron of zero charge 
separated bv a distance #, Let m be the eleetron rmass and Ä⁄ý the 
neutron mass. 
(a) What will be the force between them in terms of the dis- 
tance # and any other universal physical constants? 
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Prob. 24 


(b) Suppose the electron 1s1n a circular orbit about the neutron. 
What is the force between them n terms of m, R, and 0 (the 
eleetron”s circular veloeity)? 

(c)_ What is the kinetic energy of the electron in terms of Œ,n, 
1í,and R? 

(d) What ¡1s the electron potential energy? (Assume  = 0 
when # = œ.) 


18. TWwo parallel plates are separated by 2 em. The field between 
the plates is 20 dynes/statcoul. What is the potential diference be- 
tween the plates? 


19. An electron 1s accelerated through a potential diference of 1 
volt. What 1s Its Inerease mm kimetlc energy? Repeat for a proton. 


20. Electrons are attracted to the charged sphere of a one million 
volt Van de Graaff. What 1s ther kinetic energy In ergs when they 
reach the sphere? 


21. Consider the case of two parallel infnite planes separated by 
8 em. Both have 5 esu of positive charge per cm”. 
(a) What is the electric field between the planes? 
(b) What ïs the electric ñeld at 3 em to the left of the left-hand 
plane? 


22. Suppose a 1I-em diameter carbon sphere has one extra electron 
per million protons. 

(a) T the density is 7 = 1.7 gm/cm3, what 1s the charge? 

(b) What is the electric field at the surface of the sphere? 


23. Plot a potential diagram for the parallel plate capacitor ïn 
Flig. 7-15. 


24. "The potential energy diagram of a charge g In the neighborhood 
of several other stationary charges looks as shown. The charge g 1s 
free to move by itself (no external forces). The total energy (not 
counting rest energy) o£ g1s Wa = KE + . 


(a) What is the KE of g when at xị? 
(b) What ¡s the KE of g when at x;? 
(c) What 1s at xị? 

(d) What ïs Wo at +xz? 

25. An electron is In a cireular orbit around a proton. What is the 
ratio of the potential energy to the kinetie energy of this electron? 
Is this ratio positive or negative? What is the ratio of the binding 
energy to the kinetic energy? 
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Series 
Prob. 33 
B lôi 
E=20| Ea=30 
c- — “.— 
3mm 5 mm 


Prob. 30 


"ì 


Parallel 


Prob. 31 


=IHÌ- 


26. Plot a potential diagram for the spherical capacitor shown in 
Flg. 7-15. 


27. IWwo metal plates of 100 cm2 area are separated by 2 em. The 
charge on the left-hand plate is —5 esu and the charge on the right- 
hand plate 1s — 10 esu. 
(a) What is the fñeld immediately to the left of the left plate? 
(b) What ïs the fñeld between the plates? 
(c)_ What is the fñeld immediately to the right of the right plate? 
(d) What is the potential diference between the two plates? 


28. Assume the earth has uniform density. 
(a) If it had half its present diameter, what would be its mass 
in terms of Äío, the mass of the earth? 
(b) What would be the value of ø on the surface of this haÏlf- 
sized earth? 
(c) lÝ a hole were dug halfway to the center of the full-sized 
earth, what would be the value of ø at the bottom o£ the hole? 


29. Suppose the earth had an excess surface charge of 1 elec- 
tron/cm2. 

(a) What would be the electric feld Just below the surface? 

(b) What would be the electric field just above the surface? 

(c) What would be the earth”s potential? 


30. 'TWwo capacitors C¡ and Ởs are connected 1n parallel. What 1s the 
total capactty Œ of this combination? 


SỆ An _ Qị+Q¿ 
ljUjWy (Ô = V 


31. What is the capacity of two capacitors connected in serles. 
Hint: Since both capacitors carry the same charge Q, we have 


Q 
(` ===——— 
Vì + V¿ 


32. TIWwo concentric charged cylinders have radii ¡ and ;. Their 
respective charge densifles are ø¡ and ø¿ statcoulombs per centimeter 
of length along the cylinder. 
(a) What is E at a distance r where r > ¿ > ?ị? 
(b) What 1s at a distance r from the common axis where 7 Is 
in between the two cylinders? Give answers in terms of r, ?\, 
R;, pị, and pa. 


33. Consider the three charged planes as shown. The potential of 
plane A 1s zero. 

(a) What ¡is the potential of phane ? 

(b) What is the potential of plane Œ? 

(e) What are the charge densittes on each of the three planes? 


34. What is the potential along the line of an electric dipole at a 
distance r from the center of the dipole? Give answer in terms oỂ 
r, Q, and 1. 
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3ã. We define gravitatlonal feld as the gravitational foree per unit 
mass. lf the number of gravitational lines oÝ Íorce per cm? ¡s defined 
as equal to the gravitatlonal feld, how many gravitatlonal limes of 
force will enter a body of mass Äf? 


36. In a hydrogen-like atom a single electon of charge — e 1s circling 
around a stationary nucleus of charge Ze at a distance ?. 
(a) What ¡s the electrostatic force between the electron and 
nucleus2 
(b) Let 7' be the time for the electron to make one complete 
orbit. What is the acceleration of the electron In terms of # 
and 7'? 
(c) _ What1s 7'in terms of e, mm, Z, and #? 


37. Let the symbol Mev stand for a new unit of energy (1 Mev = 
1.6 x 105 erg). Assume that a proton as It approaches a certaim 
atomic nucleus will “see” a potential energy curve (z) as shown. 
Suppose a proton is trapped in the nucÌeus of radius ?# with a total 
energy Wạ = 2 Mev as shown. 


(a) What wIll be Its kmetic energy in the nucleus? 

(b) What will be its potential energy in the nucleus? 

(c) According to classilcal physics how much additional energy 
does it need ín order to get out of the nucleus? 

(d) If external protons are shot at the nucleus, classically how 
much mitial kinetic energy would they need in order to pene- 
trate the nucleus? Assume the protons start from Infinity. 
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Electric current 


This chapter will complete our study of the theory oŸ 
electricity. Chapter 9 treats more detailed applications of 
the theory such as electronics and circuit theory. Here we 
shall encounter for the fñrst time two “new” types of elec- 
trical phenomena: a strong force between currents, (moving 
charges) and an electric feld produced by a changing current. 
The new type of force is called magnetic force, and the 
phenomenon of an induced electric field is called electro- 
magnetic induction. The climax of this chapter will be a 
demonstration showing that a changing current must radiate 
an electromagnetic wave propagating with veloclty U = e. 
"This explanation of light in terms oŸ the theory ofelectricity 
was the last great achievement of what is called classical 
physics. 


8-1 Electric Current 
klectrictty 


Before we can discuss a new kind of force between cur- 
rents, we must frst defne current. Electric current ƒ is 
defined in the following equation: 


JÍ (8-1) 
£ 

where @ is the net amount of charge that has passed through 

a glven area in a time ý. Á statampere is defned as one stat- 

coulomb per second. The MKS unit of one coulomb per 

second is called an ampere. Thhus 


1 amp = 3 x 109 statcoul/sec = 3 x 109 statamp (8-2) 


In a metal wire, the positive charges (atomic nuclel) cannot 
move; they are bound in a crystalline structure. However, 
the outer electrons or conduction electrons are completelÌy 
free to move along the wire. This is contrary to all ideas of 
classical physics, and can onlÌy be explained using quantum 
mechanics as is done in Chapter 14. I  electrons per second 
flow through any given area In the wire, the magnitude of the 
current is then We, where e is the charge of the electron. 
But what is the direction of the current? According to the 
convention established by Benjamin Franklin, a current 
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Q.1: Check the correct cholce: 

Current 1s 
L] charge per cm3 times velocity. 
L] charge per unit area times velocity. 
L] neither. 


flowing ¿mo a capacitor plate would suppÌy positive charge 
to the plate. We now know, however, that a capaeitor plate 
is made positive by conduction electrons fowing œøy from 
the plate. Hence the conduction electrons always fow in the 
direction opposite to that of the current. If the charge of 
the electron had been chosen as positive rather than nega- 
tive, this diffculty would not have arisen. 


Example 1 

In the Bohr model of the hydrogen atom, what is the value oŸ the 
electron current that eneircles the proton? 

The current will be the number of times per second the electron 
passes any given point ïn its orbit times e. Or ï = ƒe, when / = 0/2 
is the orbital frequeney. Then 


JD cáo 
2m 


From page 156 we have = 2.18 x 103 cm/sec and #= 
5.3 109 em. After making the numerical substitutions, we obtain 


I= 3.14 x 108 statamp = 1.05 x 10”3 amp 


Current can also be produced by moving a line of charge 
of p stateoulombs per centimeter with a velocity 0 along is 
length. Then the amount of charge passing a gIven point In 
I sec is ø times the length of wire which goes by in 1 sec. In 
this case 


Ï=bp0u (8-3) 
for a moving line charge oÝ p statcoulomb/em. 


Exampie 2 

A current of 1 amp fows through a copper wire of 1 mm cross 
section. What is the average drift velocity 0 of the conduction 
electrons? 

We must fñrst caleulate 3L, the number of conduction electrons 
per centimeter of the wire. Then ø = 9£ and we can get 0 from the 
equation Ï = øu. Assuming one conduction electron per atom, the 
number of conduetion electrons per em3 ¡is the number of moles per 


cem3 tìmes Avogadro's number or " ÄÑọ, where Ö) ¡is the density, Á 1s 
the atomic weight, and Ảo 1s Avogadro's number. 


I8) N 8.9 gm/cm3 
“Ăn = 


= =—--`-^  0gWU2..U- duoims mỌC— 
A 63.6 gm/mole * _ > 


8.45 x 102? atoms/cm3 
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Ans. 1: The first cholce has units of 


... . 
La 


¡PS 7ng 

The second choïce has units 
0/9. ANG ái 
12 X TT” 1T 


Neither is correct. The units oŸ current are 


Q . 


One centimeter of length of the wire has a volume of 10~? em3 and 
thus contains Ø = 8.45 x 1029 conduetion electrons/em. Then 


p0 = 9e = (8.45 x 1029)(4.8 x 10~19) = 4.06 x 1011 statcoul/em 
According to Bq. 8-3 the drift veloelty 1s 


_ Ï _ 3x 109statcoul/sec 


= =———————>0./4x i10 ?cm/sec 
p 4.06 x 1011 statcoul/em s / 


Currents can also fow 1n gases and liquids. Neon and 
fuorescent lights are examples of currents in gases. In these 
the current 1s due to moving positive lons as well as the 
moving electrons. However, the electrons are much faster 
and are the mam contribution to the current. When an elec- 
tron collides with a gas lon or atom, the kinetic energy of the 
collision can be absorbed by the atom and then radiated 
away In the form of electromagnetic radiatlon which can be 
seen by the eye as light. 

Most liquids contaIn free lons and are therefore capable 
of conducting electricity. IÝ two metal plates or electrodes 
are connected to a voltage source and are Inserted in such a 
liquid, the current wI]l conslst of both positive and negative 
lons moving m opposite directions toward thelr respective 
electrodes. When the lons reach the electrodes they become 
neutralized. For example, If table salt (NaC]) 1s dissolved Im 
water Na? lons fow to the negative electrode and the Cl” 
lons flow to the positive electrode. When the Cl]- lons are 
neutralized, they chemically combine to form Cl; (chlorine 
gas) which bubbles up mto the aïr. Thịis process of chemical 
decomposition 1s called eleetrolysis and has great commerical 
possIbilities. 


Current elemenfs 
A current element is defined as the product of the current 
Tina wrre times a short length 1/ of the wire. 


Current element = 7À = (po) A! 
=0) 


But (p A7) is the amount of moving charge m A¿. If we call 
this g, we have 


II TP i2, (8-4) 
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Eig. 8-I. Force between moving charge @ and current- 
CarryIng wire. 


Eig. 8-2. A circuit to observe the force between parallel 
currents. 


'r ]— F—_— ]` 


===" 


Switch 


Q.2: What are the units of a current element? 


We see that a moving point charge g 1s mathematically 
equivalent to a current element. We see that forces on mov- 
¡ng charges and forces on currents must really be the same 
thing. 


8-2 The Magnetic F0rce 
A relaHuisfiec correcfion to CoulombÐ s lau 


So far in our studies of electricity only one new funda- 
mental law of nature has been introduced (Coulomb's law), 
and here we strictly specrfed that all charges must be at rest. 
This was for good reason. Ít so happens that when we let the 
charges move, something new happens: a new Íorce appears 
which must be added to the Coulomb force, called magnetic 
force. In fact, in some cases where Coulomb”s law predicts 
zero force, there can actually be large magnetic forces. Ône 
such example is shown n Fig. 8-1. A moving charge Q in the 
presence of a current 7 wïll feel a strong force proportlonal to 
the current in the wire and also proportional to the velocity V 
of the charge Q. This is true even 1f the net charge on the 
wire 1s zero; that is, the electric field acting on @ 1s zero! StIll 
QVI 

„ 


there will be an observed force F„ œ . It is this force 


which gives rise to the deflectlon of moving electrons 1n a 
television pIcture tube. By changing 7ƒ m wIres that are 
wound around the tube, the force on the electron beam 
changes and moves the spot of light produced by electrons 
hitting the screen (see Fig. 8-15). Another example of this 
“strange” magnetic force 1s the attractive force that 1s ob- 
served between parallel currents as shown In Flig. 8-2. The 
essence o£ the electric motor 1s the magnetic force between 
two uncharged, parallel wires when currents are passed 
through them. All that 1s needed to observe this basle 
phenomenon 1s a battery, a swItch, and a wire as shown In 
Eig. 8-2. When the switch 1s closed, the two wires wIll repel 
each other appreclably. Do not leave the switch closed for 
very long because this type oŸ eircuIt 1s eommonly known as 
a short eireult. In a short circuit the current wIll be very hiph, 
the wIres wïll get hot, and the battery wIl run down quiïckÌy. 
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kxplanafion oƒ magnetic ƒorce tn terms oƒ Coul- 
ombs lau and relafIuity 

By all rights, this new force between neutrally charged 
wires should have nothing to do with the Coulomb force 
which only applies to charged obJects. So It was given a dif- 
ferent name—the magnetic force—to distinguish it from the 
electrostatic force. But are these two diferent kinds of forces 
truly immdependent? In addition to the gravitational mter- 
action and the nuclear force, must we contend with two basic 
kimds of electrical interactions, the electrostatic and the 
magnetie? Fortunately the answer is no. 

Nature usually turns out to be simpler than one would 
expect. Einstei in his theory of relativity proposed Im 1905 
that these two forces are one and the same. Many experi- 
ments have shown that Einstein was correct, so now we call 
these forces (2e electromagnetic force. Einstem proposed 
that the magnetic force is a mere relativistic correction to 
Coulomb?s law. In the following paragraph we will demon- 
strate how the formula for magnetic force between currents 
can be derived from Coulomb's law and a famous effect In 
relativity theory—the Lorentz contraction. (The Lorentz 
contraction describes a contraction m length of movIng ob- 
jects. It is diseussed in more detail m Chapter 11.) 

According to Coulomb?s law the net electrostatic force on 
Qìn Eig. 8-1 should be zero, whether or not the conduction 
electrons in the wire happen to be moving. However, IÝ we 
make use of the theory of relativity, the average spacing be- 
tween the conduction electrons when they start mov'ng wllÌ 
decrease by the Lorentz contraction factor v/l — t”/€%, 
where 0 is the drift veloeity of the conduction electrons. Then 
according to relativity theory, the charge density ø~ of the 


conduetion electrons wIÌl inerease by the factor 


l 

VÌ D/Ẽ. 
whereas the charge density of the fixed positive charges re- 

mains the same (p* = po). Hence the net charge will no 

longer be zero. The situation in the laboratory system will 

look as in Fìig. 8-3. We know that it would be safe to use 

Coulomb's law to calculate the net foree on € 1Ý Q were at 

` so QL rest. Then the force on @ would be F = QE, where E 1s the 
JT» net electric field produced by the wire. Although @ 1s not at 
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Fig. 8-3. Moving charge @ of velocity V and current carry- 
ing wire In laboratory system. DrIft veloclty of eonduetion 
electrons is 0. Positive charges are fxed. 


————”-“ 


Current 


element CC n=... >x®Q 


~———~ 


Fig. 8-4. Same sItuation as above, but viewed by observer 
moving along with Q. Now Q 1s at rest, the “fñxed” posi- 
tive charges have velocity V pointing down, and the con- 
duction electrons have velocity (V + 0). 


_~ —~ 


>~———~ 


(V + v) 


Q.3: The observer of Fig. 8-4 would be moving in which direc- 
tion relative to the stationary wire in the laboratory system? 


rest in the laboratory system, we can make It be at rest by 
moving along with it; (an observer moving up the page with 
velocity V will see the situatilon shown In Elg. 8-4). In this 
situation 


V2}Y-1⁄2 V)2T†-1⁄2 
pT = m1 = T] and p0 = —mị|1 = — 


The net charge is = ø* + ø~, and the net field at Q is given 
by Hq. 7-10: 


BÓC có 
r Tổ 


Now we recall from Example 2 that the drift velocity of 
conduction electrons in a metal 1s typically about 1 mm/sec 
or less. Henece 0u/e 1s much smaller than one, and we can safely 
use the binomial theory which tells us that (1 + ø)*~ 
1 + na when z is much smaller than one. Then (1 + a)~12~ 
(1l — ‡a) or Ẳ _=j) * 1Ì dt Ỹ lỂ 


c2 c2 


and Eq. 8-5 then 


becomes 


Z~ŸP|Í+zz)—U + “ám ")| 


~3m[Y?= (0+ 7| 
— P 2c2 


0U 
== [2V +] 


Wc wlll be interested m examples where V 1s greater than 
1 em/sec, or when V » 0, so we can ignore the term 0 com- 
pared to 2Vin the above equation. Then 
EBx~- . 
c?r 


and 
P=@QE 


~ 9{ =. 2poU °) 


c?r 


-g 2x (2) 


e CƑ" 


tì 


Elertramagntetism | 187 


Ans. 3: He would be moving up with respect to the wire. 


where Ï = øọu 1s the current in the wire. The minus sign 
means an attractive force. Actually In relativity theory the 
force seen by the moving observer 1s not quite the same as 
that seen by the stationary observer. Ít turns out that 1Ý the 
above calculation 1s performed without any approximatlons 
using relativity theory, the exact answer In the laboratory 
system (the situation m Fig. 8-1) is an attractive force of 
strength 
1 (8-6) 
e cr 

Thịis is the formula for the magnetic force between a moving 
charge and a current carrying stralght wIre. 

But why should magnetic forces be so strong IÝ they are 
merely small relativistic corrections to Coulomb?s law? In 
fact, we see in the above derivation that the relativistic efect 


1s the order of s times the electrostatic force exerted by the 


conduction electrons alone, and we know that the drit 
velocity ø 1s so small that 0/e —~ 10~12. "The answer to this 
puzz2le lies In the enormous amount of charge that is moving 
m the wire. We saw In Example 2 that there is In a typlcal 
wire over 1022 statcoul/em of conduction electrons. Thịs Is 
typically 1029 times more charge than can be applied to the 
wire for the purposes oŸ producIng electrostatic forces. 


8-3  Magnetic Field 


Force per un1† mouing charge 


The general electromagnetle force on a charge g 1s usualÌy 
broken Into two parts: 


lÊ f suitmarnsvandtr = EF. SỨ E, 


where F, is what the force would be IÝ g were at rest (the 
electrostatic force), and E„ is the velocity dependent part of 
the force (the magnetic force). Then electric ñeld is defined 
the same as before: 


bu) 
4 


ÌÙ= 


[t is equally useful to defne a feld to deseribe the veloeity 
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Q.4: How would you measure E„ on a charge g in the pres- 
enee of an electric field? 


dependent part of the electromagnetic force. Thịs is called 
the magnetic fñeld and is defñned as follows: 


Em. n 
C 
Or 
_. (8-7) 
"x 


1s the magnetic field acting on a test charge g when the test 
charge Is moved in the direction which gives the largest 
magnetlc force. The relative directions of v, B, and F are 
điscussed ïn the next sectlon, and may appear strange to the 
reader. This is only because relativity does not usualÌy enter 
mto hís dally life. In terms of the fñelds, the ecomplete eleetro- 
magnetic force is then 


F=qE+- x8 


Historically, magnetic fñeld was defned as the force on a 
unIt magnetlc pole. However, It is now known that free mag- 
netic poles really do not exist and that all such magnetic 
forces are due to forces between currents or moving charges. 
In this book, we shall take the more modern approach of 
expressing magnetic phenomena as forces between currents 
or moving charges rather than dealing with the nonphysical 
(but mathematically equivalent) concept of free magnetic 
poles or magnetic charge. However, the theory of magnetism 
wIll be discussed in Section 8-6, From Eq. 8-7, we can see that 
B has the same units, dyne/statcoul, as Z#. In the CGS sys- 
tem a specilal name, gauss, is gIven for the units of Ö. 


torce bettueen ftuo pardllel tuires 
Tf we substitute Bq. 8-6 into Ba. 8-7, we obtain 


B=2 (8-8) 
(g7 
for the magnetic 8eld produced by a straight line current Ï. 


*Strlctly speaking, Ö is called the magnetic induction. However, the mag- 
netic feÌd in vacuum (or air) is equal to Ö, and in this book we only deal with 
fields in vacuum. 
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Fig. 8-ã. "The force on current element ?z¿; due to the Inf- 
nitely long current ï¡. 


Ans. 4: First determine F, by holding g at rest. “Then sub- 
tract the vector E, from the net electromagnetic force. 


Note the simmilarity between the formula for magnetic field 
produeced by an infmtely long current and the formula for 
electric field produced by an Iinfnitely long charged wire. lÍ 
we replace 7⁄c by p1n Eq. 8-8, we obtain 2ø/r, which 1s the 
formula for E produced by a line charge. 


Example 3 

A line of charge ø statcoulomb/em 1s moving along its length with 
velocity ø. Fmd Ö, E, and therr ratio. 

According to Eq. 8-3, ƒ = pơ, so then Ö = 2p0u/rc. According to 
Hq. 7-10, E = 2ø/r. The ratio 1s B/ = U0/e. 


In order to get the force between two currents as shown 
in Fig. 8-5 we replace (gu) in Eq. 8-7 by Its equIvalent 7 A7 
(see bq. 8-4): 


/ất = ~ xB (8-9) 


1s the force on a current element (7 A?) sitting n a magnetIc 
fñeld that 1s produced by other currents. In the case of 
Flg. 8-5, B is produced by ï¡. The value of Ö at the position 
of the current element ?;j¿ is Ð —= — So according to 


Eaq. 8-9 the magnetic force on the length of wire ¿2 1s 


., - 2blnh 
c?r 
kxamptke 4 


What 1s the force per centimeter between two parallel currents 
of 1 amp that are separated by 1 em? 

In the above equation, Ï¡ = l¿ = c/10 statamp and ?¿ = z = 1cm. 
Inserting these values g1Vves 


jm. 


2(c/10) 
£ € 


= 0.02 dyne 


In our derivation of force between two currents using 
relativity, we obtained the result that the force was perpen- 
dicular to the direction of the velocity V. It can be shown 
using relativity theory that this must always be true. The 
magnetic force will always be perpendicular to the current 
element. In Fig. 8-6 the direction of the magnetic force 1s 
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(a) (b) 


Fig. 8-6. Magnetic force E` for four different directions of v. 


Fig. 8-7. Right-hand rule I and lines of Ø produeced by a 
long, straight current. 


g 
@ uinto page 


F P=0 
lj 


(e) (đ) 


shown for four different cholces of đirectlon of the velocity 
of the moving charge. It is worth noting an additional result 
for case (c); namelÌy that the net force exerted by the moving 
charge on the wlre 1s zero; whereas the force the wIre exerts 
2lqu 
[22 
Newton's third law, and as such 1s an Iindication that mag- 
netic forces are a purely relativistic efect. Even though at 
any gIven Instant, Newton”s action 1s not equal to reaction, 
after the moving charge has moved away, the change in 
momentum given to the moving charge wlll be equal and 
opposite to the change in momentum given to the wire. As 
pointed out in Chapter ä, the modern equivalent o£ Newton”s 
third law 1s the conservation of momentum. Newtons third 
law may only be used when there are no efects of relativity. 
Because ït 1s a relativistic efect, the behavior of magnetic 
force will seem peculiar to those of us who do not live in a 
relativistic world. We can đescribe these peculiar efects by 
what we wIll call right-hand Rule I and right-hand Rule II. 


on g1s #—= pointing down. Thịís 1s a gross violatlon of 


Right-hand Rule I 

So far we have defined the magnitude of Ö produced by a 
long hne of current. Since Ö is a vector, its direction must 
also be defined. The direction of Ö is determined by the 
pecullar direction in which the magnetic force aets. 
The directon of Ö is such that lines of Ö curÌ around 
the current, producing them as shown 1m Fig. 8-7. The 
arrowhead đirection on these lines 1s stll arbitrary. The 


convention used to determine this đirection will be called 
right-hand Rule l m this book. As mdicated in Elg. 8-7, IÝ 
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Eig.8-9. Effect ofa current placed above a compass needle. 
Before the current is turned on, the needle points as shown. 
After the current is turned on, it wïÌlÌ point in the direction 
labeled B. 


Fig. 8-10. Right-hand rule II used to obtain the direction 
of the force F on a current 7n a magnetic feld B. 


Q.5: In Fig. 8-6, what is the direction of F when v is pointng 
away from the wire? 


is the same as Eq. 8-9 except that the right-hand side 1s 
multiplied by the sine of the angle between / and Ö (or be- 
tween ø and Ö when dealing with a moving charge): 


_ TA 


đấh _ x Bsmn0 

Or (8-10) 
lấn = -= x BsinØ 

Right-hand Tule II 


The preceding equation gives only the magnitude of #. A 
rule for determining the vector đirection ¡s still needed. For 
parallel currents we know that #'must be perpendicular to Ö. 
Actually it turns out that in the general case of B produced 
by any conñguration of currents the force on a current ele- 
ment must be perpendicular to the direction of Ö at that 
current element. In addition, as mentioned before, the force 
will also always be perpendicular to the direction of the cur- 
rent element. Hence magnetic force is perpendicular to both 
B and AI at the same time. Thịis uniquely determines the 
đirection of E„ and in this book the rule for determining the 
direction of #'„ will be called right-hand Rule II. In this rule, 
shown in Fig. 8-10, the outstretched right hand wiÌl be push- 
ing in the direction of E' If (as before) the thumb 1s along Í 
and the fingers poimt along B. 

At frst thought it would seem that these electrical 
phenomena provide a means for the absent-minded professor 
to determine which is his right hand 1n case he should forget. 
One would think he could do thỉs by measuring the force on 
a current and then checking to see which hand gives the 
right answer. However, in order to do thịs, he must also 
know the direction of ÖØ (which also requires knowledge of 
which is the right hand). If by mistake the professor had 
used hïs left hand for both Rules I and II, he would stl end 
up with the correct direction for #. Thus electrical phe- 
nomena offer no way to distinguish left from right. The 
mirror image of any electrical experiment 1s also a legitimate 
experiment. Until 1956 most physicists firmly believed that 
there was no possible experiment which could distinguish 
right from left. This symmetry principle is called the con- 
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Eig. 8-11. Path of a charged particle moving transverse to 
a uniform magnetic field. 


` 


EFÌlv 


Vách oi, 
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Ans. ð: Then F is pointing up, parallel to the current. 


servation of parity and was belileved to be as frmly estab- 
lished as the five other conservation laws listed on page 153. 
As we shall learn in Chapter 16, basic physIcal phenomena 
were discovered in 1957 which overthrew the law oÝ con- 
servatlon of parity, and the absent-minded professor now has 
fnally learned varlous ways to determine his right hand. 


Exampie 6 

Show that the forces in Fig. 8-6 are in agreement with the right- 
hand rules. 

In all four cases the magnetic fñeld acting on g 1s the same and 1s 
pointing into the page (this is seen by pointing one's thumb along 
the current ƒ and using right-hand Rule I). Now apply right-hand 
Rule IL to get the direction of #L We must always keep our ñngers, 
B, pomting into the page. Ín case (ø) our thumb, Ï is up, so the paÌm 
then “pushes” to the left. In case (), the thumb points down, so the 
palm “pushes” to the right. In case (c) the thumb points left, so the 
palm “pushes”” down. In case (ở) the foree 1s zero because the charge 
is moving in the directlon of Ö; (si Ø = 0). 


Force on qa mouing charge 

Suppose a charge g is in a uniform magnetic 8eld 8 and 
initially is moving perpendicular to Ö. Since the magnetic 
force will always be perpendicular to ø, it will supply the 
centripetal force required to move the particle in a circle: 


The radius of the circular path 1s then 


_ HC Ẫ 
JÑ = Ti (8-11) 


kxqample 7 

A proton of veiocity ø = 105 cm/sec is moving perpendicular to a 
uniform magnetic ñeld of 8 = 10,000 gauss as shown 1m Fïg. 8-11. 

(a) What will be the magnitude and direction of the force on the 
proton? (b) I)escribe the path of the proton. 

According to Eq. 8-10 


eoB _ 48x 10-19 x 10% x 101 
@ 3 % 1010 


HẺ— = 1.6 x 10-3dyne 


According to right-hand Rule II, this force must be pointed to the 
left in Fig. 8-11 and it will always be perpendicular to ø. Thus #'isa 
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centripetal force which keeps the proton moving forever In the same 
cirele of radius ?. The value of # can be obtained using Eq. 8-11. For 
the problem ïn question the mass of the proton is = 1.67 x 10?! 
gm. Then 


1.67  107?‡ % 108 x 3 x 1010 nà 
4.6 x 10ˆ10 < 101 


Hù == 


OF 
R = 1.04cm 


Figure 8-12 is a photograph of a track left by an electron 
traveling in a uniform magnetic feld which is pointing out of 
the page. The radius of the circÌe is continuouslÌy decreasing 
because the electron is traveling in a liquid hydrogen bubble 
chamber. An electron or any other charged particle gradually 
loses energy while traveling through matter. Since the value 
of Ö is known, the electron momentum can be determined 
at any point in its path by measuring the radius oÝ curvature. 

We see from the preceding example and photograph that 
charged particles can be “trapped” by a magnetic ñeld. This 
principle is used in those high-energy particle accelerators 
that use magnets. In sụch an accelerator the magnet supplÌies 
a magnetic fñeld that keeps the beam of particles confined to 
a circle. 


8-5 Ampere's Law* 
Hou fo get B 


In electrostatics we were able to calculate the electric field 
produced by charge distributed uniformly over spheres, 
cylinders, and planes. Likewise, we need a method for de- 
termining the magnetic feÌd produced by currents of shapes 
other than that of an infñnite, straight line (Eq. 8-8). 'There 1s 
a more general equation for 8 which enables us, In prineiple, 
to calculate magnetic fields produced by currents oŸ any 
gIven confñguration. In this general equation any closed path 
1s taken around a current. The equation states that the 
length L of the path times the average vaÌue of the com- 


*'The remaining 16 pages of this chapter which go more deeply into the 
theory of electrieity are not needed for the understanding of the chapters that 
follow. It is recommended that a shorter or faster-paced course pass on to 
Chapter 9, Section 9-5 starting on page 225. 


Elertr0magnetism | 185 


Ampere*s lau 


| Fig. 8-12. Electron track In liquid hydrogen bubble cham- 
ber. Track is curved due to uniform magnetic ñeld pointing 
out of the page. Radius of curvature decreases as electron 1s 
slowed down by liquid hydrogen. (Photograph courtesy 
Alvarez group, Lawrence Radiation Laboratory, UnIversity 
of California.) 


Eig. 8-13. Closed path of length 2z#? around current ï. 


Fig. 8-L4. A solenoid. The rectangular closed path is used 
to caleulate the value of B inside the solenoid. 


1E: 


hạ 
Lạ 


5 


¬`#mwrmm 


ponent of Ö along this path 1s 4z/e times the total current 
enclosed. The general equatlon is 


(Bụ ri Ì,)elosea Dath—= - (8-12) 


where 7ƒ Is the total current enclosed.* "This equation, 
Ampere's law, 1s used to caleulate the magnetic field B at any 
point ïn space that 1s produced by a current 7. We shall now 
use It to calculate Ö for three diferent examples: (1) the 
straight wre, (2) the solenoid, and (3) a surface current. In 
our first example we shall see that Ampere”s law can be used 
to give the correct answer for the magnetic field produced 
by an Infnite line of current. In Fig. 8-13 we choose a circle 
of radius # for the closed path around the current. Then 
L = 2z and (B, - L) = 2rRB. Now according to Ampere”s 


law this equals 4S, Solving for Ö gives 


¬..‹ 
mm sản lê ) 


2I 


— Re 
which checks with Eaq. 8-8. In addition to Ba. 8-12 1t can be 
shown that lines of 8 must be continuous. And since mag- 
netie poles or charges do not exist In nature, the lmes of 8 
never start or stop; they just cirele around in closed paths. 


The solenotd 

Our second application of Amperes law will be the 
solenoid. A solenoid 1s a cyÌindrically wound coll or helix of 
n turns per centimeter. The lines oŸ Ø produced by a solenoid 
are shown im Flig. 8-14. For the closed path take the rectangle 
shown in the fñgure. We make Lạ and Ù¿ so long that the far 
end of the rectangle 1s in a region of very weak Ø. The quan- 


* As can be seen from Eq. 8-13 Ampere”s law can also be written in the form 
Sỹ lo löu = 4ml 
C 


t 


where the summation sign stands for 
S)B,-L¿= Bia + B;L¿ + --- + BuLy 


and the total path U is broken up mto the pieces È\, Ùạ,..., Ù„. 
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tity B„in Ampere's law is the weighted average of B„ along 
the closed path. According to the definition of a weighted 
average (see page 23) 


BE BịL\ + B›zL› + B;L; + B.L¿¡ 


B 8-13 
° lì + La + Laš + La ) 


The components (ÖØ; and B¿) of magnetic field along La and 
L¿ are zero because the magnetic field is perpendicular to 
L; and H„. Also Bx 1s close to zero because it is so far from 
the solenoid. Hence Eq. 8-13 becomes 
Z. Bị: + 0+ 0+0 
T= nh 
L 
and 
Bạ = Jộ — B¡Lì (8-14) 


"The total current enelosed by this path is the current times 
the enelosed number of turns ?2¡. Thus the right-hand side 
of Eq. 8-12 is 4rInL¡/c. Bquating this to the right-hand side 
of Hq. 8-14 g1ves 


Bị. = A4mlnL\ 
e 
sY 
jm= == (8-15) 


inside a solenoid. Note that our derivation does not depend 
on where side Ƒ¡ is placed inside the solenoid. Thus Ö is con- 
stant everywhere inside, and the total number of lines of 
produced by a solenoid must be ¡- Á where A 1s the coll 
area. Lines of Ö are defined quantitatively In the same way 
as lines of #. The field Ø equals the number of lines of Ö per 
unit area (B = N;g/A). The total number of lines of Ð pro- 
duced by a solenold 1s then 


Nội 48 Fˆ lines of B (8-16) 


The total number of lines of is also called the total mag- 
netie ux. 


kxampÌe 7 


A television piecture tube has two coils wound as shown which 
provide the horizontal defection of the electron beam. If the spot on 
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Fig. 8-15. Side view of television picture tube showing 
horizontal defection eolls. 


EFlourescent sereen 


Spot of light 


Fig. 8-16. Magnetic fieÌ\d produced by current fowing 
down a conducting surface. 


Q.6: What are the units of ¿in Elg. 8-16? 


the screen Is to sweep to the right (while facing the screen), what 
must be the direction of the current in the upper eonduetor? 

This example is an exercise in the use of the right-hand rules. 
First, Rule II must be used to determine the direction of Ö. One 
must be careful im the use of this rule to note that in Fig. 8-15 the 
beam current is to the left even though the electrons are Inoving to 
the right. We want the force on thỉs current to be into the page. Ín 
applying Rule II we point the thumb (7) left and the paÌm ( #) into 
the page. This puts the ñngers (B) pointing up. NÑow use right-hand 
Rule I on current element /. If the thurmnb (7) along /1s pointed to the 
right, then the fñngers (Ö) on the inside of the coil point in the desired 
up đirection. Thus the current flows along ? to the right. The answer 
to the problem is that the current enters the upper conduetor and 
leaves at the lower conduetor. 


Magnetic field produced by current Im œ pÌane 

Our final application of Ampere”s law wïll be to determine 
the magnetic field produced by an infinite pÏane oŸ current. 
Figure 8-16 shows a rectangular section of the Infnite plane 
with the current traveling down. This situatlon 1s approxi- 
mated when a current fows along a sheet of metal. Let z be 
the current per horizontal centimeter along the plane. We 
have chosen a rectangle of sides ø and 2ö which encÌoses a 
current zz. Because the plane is infnite the lines of 8 must 
run horizontally as shown ïn the fgure. In calculating ị, 
around the closed path, the sides of length 25 do not con- 
tribute because Ö Is perpendicular to sides 2ö. Thus 


B B-a+0+B-a+0 
# a+2b+a + 9b 


2Ba 
Jb 
and 


BH. 2 J¿ = 281i 
Since the enclosed current 1s Ï = ra, Eq. 8-12 becomes 
2Ba = Am 
€ 
OT 


Đổ c2, ) (8-17) 


Again we note the similarity to the corresponding formula 
(E = 3m9) for the electric fñeld due to a charged plane. 
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Eig. 8-17. Eorces on a bar magnet in a uniform magnetic 
ñe1d. 


Ans. 6: The quantity 7 is current per unit length whiích has 


1s Of : 
units o TỊ 


- 


8-6 Theory of Magnetism 


Trny current loops that neuer die 


Ancient man knew of some magnetic as well as electro- 
static phenomena. Some naturalÌy occurring Iron ores called 
lodestones are magnetized and attract other ferromagnetic 
samples. The ancient Greeks thought magnetic and electro- 
static forces were of common orIgin. However, by the six- 
teenth century philosophers learned to base their laws of 
nature more on experiment than contemplation, and they 
concluded that magnetic and electrostatic efects were In- 
dependent phenomena. No one was able to fnd any force be- 
tween a charged object and a magnet. The discovery that 
there is indeed a force between ?ouing charge and a magnet 
was made accidentally in 1820 by Hans Christian Oersted, a 
Danish physics teacher. At the end ofa lecture on the subJect 
he attempted to demonstrate the lack of a relationship be- 
tween electricity and magnetism by turning on a current 
next to a magnetized needle. In the words of one of his 
puplls: “He was quite struck with perplexity to see the 
needle making a great oscillation.” Thus the anclent doctrine 
that magnetism and electricity are related was suddenly 
øgIven new life. 

The purpose of this section is to explain why magnets be- 
have the way they do purely In terms of forces between cur- 
rents. How does a bar magnet behave when placed 1n a uni- 
form external magnetic field? As mentioned m Section 8-4 
there wiÏll be a torque tending to line it up with the fñeld (see 
Fig. 8-17). The early physicists explained this efect by 
assuming that the bar magnet has two poles, one of strength 
+m at the North end and one of strength —zm at the South 
end and that the force on a magnetic pole 1s 


F—mB 


The force between two magnets was explained by saying that 
one magnetic pole z¡ produced a magnetic fñeld oÝ strength 
B= m;¡/r°, which acts on a second magnetic pole mz. Then 


EFig. 8-18. Magnetic field pattern produced by bar magnet 
using iron flings. (Photograph courtesy B. Abbott, Physi- 
cal Science Study Committee.) 
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Eig. 8-19. (ø) Lines of Ø from magnet1zed rod. (6) Lines of 
B trom solenoid of identical shape. 


(a) 


Eig. 8-20. Forces on a single turn of a solenoid in a uniform 
magnetic ñeld. 


0p 


F. 
— | 


'... Ị 


Eig. 8-21. ÀA rectangular coïÏ in a uniform magnetic field. 


F—= mịma¿/?2. The reader wIll note that this formahsm of 
magnetostatics 1s mathematically exactÌy the same as elec- 
trostatics. Then the total number of lines of 8 produced by 
a magnetic charge (pole) of strength mm is Ấp = 4mm. 

A plot of the lines of force produced by a bar magnet 
should then look the same as the lines of # on page 160 that 
are produced by two charges of opposite sign. Figure 8-18 is a 
photograph of ron filings around a bar magnet which tend 
to line up along the direction of B. Figure 8-19ø is a plot of 
the lines of B produced by a bar magnet. Figure 8-195 1s a 
plot of the lines of ö produced by a solenold. It 1s clear that 
the fñeld pattern of a solenoid 1s exactly the same as that of 
a bar magnet. This suggests that perhaps a bar magnet 1s 
really a solenoid with some “mysterlous” Internal current 
that never dies out. 

In fact, a solenoid, when placed ín an external magnetic 
field, tends to line up with the ñeld the same as a bar magnet. 
Thịis can be seen by applying the force equation, Bq. 8-9 to 
the solenoid in Fig. 8-20. Right-hand Rule II tells us that the 
force on the bottom part oÊ a turn 1s down and the force on 
the top part 1s up. The forces on the two sides can be ne- 
ølected because they are equal and opposlte and are also Im 
line. Thus on any given turn there is a torque tending to 
rotate the coil im Eig. 8-20 counterclockwise and line it up 
with 8. 

It 1s this torque which makes possible the elecfrilc motor. 
The principle of the d-c motor is illustrated in Fig. 8-21. 
Application ofrIight-hand Rule II gives forces as shown tend- 
ng to rotate the coll counterclockwise about the dashed line 
axIs. After the loop has rotated 180° there is again a current 
produeing forces 1n the same direction. Ônce started, rota- 
tional mertia wIll keep thiĩs single rectangular loop rotating 
counterclockwise. 

lf a long pointer and a spring 1s attached to the coil of 
Eig. 8-21, the deflection of the pointer will Increase as the 
applled current increases. This is the principle of the 
ammeter. 

In 1836 Ampere proposed as an explanation of the be- 
havior of a bar magnet that ït is really a solenoid with a 
“bullt-in” current running around the outside surface. 
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Fig. 8-22. Bar magnet showing aImperlan current Z. 


Fig. 8-23. End view of amperlan current loops In a bar 
magnet. Note that the internal currents canecel each other 
out. The resultant surface current is shown as a dashed line. 
Each loop corresponds to the current 1n an individual 
molecule. 


Q.7: Suppose the lines of 8 in Fig. 8-21 were pointing down 
through the coil. In which direction would the coil move? 


Ampere said: “..... from the simple comparison of facts 1t 
seems to me mmpossible to doubt that there are really such 
currents about the axIs of a magnet.” Let the value of this 
Amperian current be # statamp per centimeter of length 
along the bar magnet shown 1n Fig. 8-22. According to 
Eq. 8-16 the total number of lines of Ö 1s then 


Ng = 47A 
L6 


But when considered as a magnet of pole strength zm, 


Np = 47m 
Thus 4m = TS, 
ỰỨA „ e 
=—— = ^= 8- 
m 5 Or 7 nn (8-18) 


We have Just derived a formula for the pole strength of a 
magnet or solenoid in terms of the circulating current ứ. 
But where does this perpetual current come from? Ampere 
explained this by picturing the molecules of a ferromagnetic 
material as having assoclated with them a cIrcular current in 
a closed electric circuIt of zero resistance. He also proposed 
that an external magnetic fñeld could alhign these molecules 
parallel to each other so that thetr elemental magnetic fields 
became additive. Figure 8-23 shows how such elementary 
currents add up to produce a net surface current. Note that 
the currents Inside cancel out. 

This explanation of magnetism whiích preceded the dis- 
covery of the electron by over sixty years briliantly an- 
ticipated our modern knowledge of atomic structure and 
theory of magnetism. Ampere's electric cireuids oŸ zero 
resistance exactÌy correspond to the motion of Bohrs atomie 
electrons. In the Bohr model, each electron presents a per- 
petual current similar to the single loop of a solenoïd. Ín most 
atoms these electron orbits or current Ìoops are so oriented 
that they cancel each other out. However, ferromagnetic 
substances such as Iron, cobalt, and nickel have the two fol- 
lowing properties: (1) their atoms have electron orbits and 
electron spm (rotating charge) which are not canceled out; 
and (2) the forces between nelghboring atoms 1s such that 
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Eig. 8-24. Rectangular coil in a uniform magnetic 6eld 
beïng rotated by hand. Such a device 1s actually a sinple 
a-c generator. 


Ans. 7: In no direction. Both the net force and the torque on 
the coil would be zero. 


the atoms prefer to line up so that therr current loops are all 
pointed ín the same directlon. A full explanation of these 
points requires quantum mechanics. The quantum mechan- 
ical study of such phenomena is called solid state physilcs 
which 1s covered in Chapter 14. We now know that any 
sample of ferromagnetic material at room temperature 1s 
made up of macroscopie domains (on the order of a few thou- 
sandths of an inch) where the atoms are completely lined up. 
In an unmagnetized sample the domains are randomly 
orlented. In the process of magnetization the domains line 
up by movement of the domain boundaries, the domains 
favorably oriented with respect to the field growing at the 
expense of the others. 


8-J Faraday's Law of Induction 
È produced by B 


There is one last basie law of electricity called Faraday”s 
law which we have not vet discussed. So far we have dealt 
only with steady currents fñxed in space. Since Faraday's 
law deals only with changing currents, we have not made a 
mistake by ignoring it up until now. Before presenting the 
general equation for Faraday”s law, let us first discuss a par- 
ticular application—the electric generator. In Flg. 8-24 a 
rectangular coil in a uniform magnetic field 1s agaim shown. 
W recall from Flig. 8-21 that 1Ý a current 1s passed through 
the coïl, it wi]l start rotating. Suppose no current 1s applied, 
but that the coil is rotated by hand. Let the velocity of sides 
Lị and L¿ be 0ø. Then according to Bq. 8-10 there wIll be a 
foree on each conduetion electron 1n sides Ù¡ and Ù¿ of 
F=euB/c. This foree would do the amount of work 
W\ = euBL1/c on any electron that moves the length of hạ. 
The increase in energy of an electron making one complete 
circuit of the rectangular coil would be twlce as much or 
W = 2euBL/c. Thỉs energy per unit charge 1s deñned as 
the electromotive force (emf for short). Hence the electro- 
motive force per turn 1s 


_ 20BL\ 
"x-- 


mÍf (8-19) 


Note that emf has the same umits as electrle potent1al. 
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Eig. 8-25. Emf generated in a rotating coll as a function of 
tỉme. 


Emf 
JZ In horizontal position 


In vertical 
position 


Q.8: Which of the two terminals labelled “emf output” in 
Fig. 8-24 would be more positive when in the position shown? 


If an electrie cireuit were connected to the two ends of the 
coil, the acceleration of the electrons in ¡ and ¿ would 
drive them through the external circuit. The conduction 
electrons would give up the energy they had gained m Lạ 
and L; to the external circuit. Thus this rotating rectangular 
coil is a voltage source similar to a battery. If the coll con- 
sisted of N turns rather than one tumn, the Induced voltage 
or emf would be  tỉimes as great. Thhĩs 1s the principle of the 
electrie generator. After the coil in Fig. 8-24 has been turned 
through 90°, ở and Ö are parallel and so there is zero em at 
that instant of time. As the coïl advances to the 180° posi- 
tion, the force and the emf are reversed In direction. The 
emf plotted against time is shown in EFlg. 8-25. Such an 
oscillating emf is called an a-c (alternating current) voltage. 
Household power lines provide a-e voltage at a frequency of 
60 cycles/sec which is produeced by a-c generators simllar In 
principle to Fig. 8-24. 

Now we shall discuss the relation between Eq. 8-19 and 
Faraday”s law. Let Ay be the vertical distance that side L¡ 
moves in time Aứ starting from the 0° or hoizontal position. 
Then ø = Ay/Ar and Eq. 8-19 becomes 


2BL; ày 


-20 
cÃi Vệ” 


emf = 


After the time Aý the Ñux or number of lines of Ö passing 
through the colÏ 1s 


N„pg= B- (area) 
The area 1s the base L¡ times the total height (2 ÄÀy). Hence 


At the beginning of the time interval A¿, the fux passing 
through the coil was zero. Thus the change In fux during the 
time .Àf 1s 


ANg = (2BL; Ấy) — 0 
Hence Eq. 8-20 can be written 


_ TAANp _ 
emf = EESEV (8-21) 


This equation happens to be Faraday”s law. So far we have 
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Fig. 8-26. The transformer. Secondary 
coil 


Primary 
coil 


Ans. 8: According to Right-Hand Rule II, the force on a 
positive charge in the left side of the coïl is out of the page. 
This would cause positive charges to pile up on the left 
terminal. 


only shown that this equation applies to the situatlon of 
moving wires in a fxed magnetic field. But according to the 
principle of relativity, the same relation must also apply to 
fxed wires in a moving magnetic field; that 1s, Hq. 8-21 
applies to a stationary coll where /g is changing (the value 
of B is changing). Faraday”s law says that a changing current 
in one 8xed circuit will induce a voÌtage in another ñxed 
circuit. This phenomenon of producing a voltage In a “dead” 
circuit just by changing a current somewhere else was dis- 
covered in 1830 by Faraday and Henry independently. 


The transƒormer 

One common application of Faraday”s law 1s the trans- 
former. In a transformer the primary and secondary colls 
are usually wound almost on top of each other, so that they 
both enclose the same lines of Ö (see Fig. 8-26). Thus both 
coils have the same value of ANg/A¿. Let N¡ be the number 
of turns of the primary coil and W; be the number of turns 
m the secondary coil. According to Eq. 8-21 the emf or ín- 
duced voltage V; in coll 2 1s 


1 ANn 
c Atf 


W; =(N;) 


Đimilarly the emÍ for coll I 1s 


1 ANp 


Vì = (ND Af 


"The ratio of the two voltages 1s then 


We see that IÝ an a-c voltage 1s applied to the primary, the 
induced secondary voltage can be made larger or smaller by 
choosing the approprlate turns ratio. “This convenient 
method for converting small voltages into large ones and 
vice versa is one of the advantages for using ac as compared 
to dc. 
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Q.9: Consider a conduction electron in the rotating coil of 
Fig. 8-24. In the laboratory frame of reference we can cal- 
culate the net force on the electron. Will any part of this 
force be due to an electric 8eld? 


8-8  Maxwell's Equations 
klectrtcty m œ nutshell 


The collection of the basic laws of electrleity (Coulomb's 
law, Ampere”s law, and Faraday's law) is known as Maxwells 
equations. In Faraday?s law ( * Ứj)elosea pan 1s used in place 
of emf. As we have seen, 1t 1s the induced force on an electrie 
charge which drives the electrons around a circuit. Since 
force per unit stationary charge 1s the definition of E, Fara- 
day”s law states that an induced electric field must always 
accompany a changing magnetic field. In this form Eq. 8-21 
becomes 


mm 1AN 
(Eu 1.) is path — mm Tạ 


(8-22) 


Faraday”s law tells us that a changing magnetic field must 
produce an electric fñeld. A simple example of this 1s a 
charged particle g moving with veloclty ø ma unform mag- 
netic field B. So far the net force is #' = guB/c and Faraday”s 
law predicts zero electric feld. But what about a moving 
observer? He sees a moving magnetic field, and, according to 
Faraday'”s law, he should then also see an electric feld. Let 
us consider the case of an observer moving along with the 
charge. Since to him the velocity of the charge is zero, he 
sees zero magnetic force; however, the orlgmal fÍorce 
F = quB/c (where 0 1s the original ø) wïll still be there. 'Thịis 
moving observer says the force (whatever its value) equals 
gE. So we have the force guB/c = gÈ, with the result that 


the electric field seen by the moving observer 1s Š = S8; 


that is, a moving magnetic fñeld produces an electric feld. 

Maxwell pondered whether the reverse might not also be 
true. Should not a changing electrie field also produce a 
magnetic feld? If this should be the case, then we would 
expect the same equation as above (Hq. 8-22), but with # 
and ÖØ mterchanged: 


1 ANp 
6 ẨA/ 


(Bị, : T,]klosea path — 


But we know already from Ampere's law that 


(Hị DI = “e. (8-23) 
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Ans. 9: No. In the laboratory frame of reference # = 0 every- 
where and hence the electrostatie force #¿ = e# also equals 
zero. The onÌy force on the electron is the magnetic force due 
to 1ts velocIty. IÝf we had been moving along with the electron, 
the situation would be reversed. 


So Maxwell proposed that the complete equation should be 


4ml „ TANg 
@ (@_ ẤV? 


(Bạ„ š /E)|2j 52 -3I path —= 


Maxwell called this new term he added to Ampere”s law the 
displacement current. Maxwell thought of an example which 
shows that something must be wrong with Eq. 8-23 m its 
present form. 'This example and the reasoning that led Max- 
well'to his displacement current term is given in the Appen- 
dix to this chapter. 

In summary, Maxwell*s equations in noncalculus form are 


Ng = 4mQ (8-24) 


1s the total number of lines leaving charge Q 


(Bu ° L)elosea path —= -m = : c (8-25) 
m 1LAN, 
(Er ý ¿li 3 path = = Nệ (8-26) 


where the quantities In the right-hand sides of the last two 
equations are those enclosed by the closed path. 'These equa- 
tions must hold for all possible elosed paths. 


8-9 Electromagnetic Radiation 
The theory oƒ light 


Now finally armed with the correct laws of electrlcity, 
Maxwell proceeded to đerive the theory of light. Specifically, 
he proved that a changing current wIll radiate electromag- 
netic waves with a velocity ø = c where c 1s the experimental 
proportionality constant appearing in the equations of elec- 
tricity (Maxwell equations). The constant 1/c? appearing in 
Eq. 8-6 was determined experimentally by measuring the 
force between currents. At that time nobody dreamed that 
this proportionality constant would have anythimg to do 
with the speed of hHght. Maxwell also showed that Im such 
radiation the electromagnetic wave consists oŸ #⁄ and Ö per- 
pendicular to each other and also that both are perpen- 
dicular to the direction of the wave motion. In addition, 
and B were shown to have the same magnitude. In 1864 this 
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Eig. 8-27. Wave È and Ö traveling out from surface cur- 
rent of ¡ statamp/cm. The electromagnetic wave has 
traveled a distance x. 


was Indeed a crowning achievement of theoretical physics. 
Light waves were finally explained as high frequeney electric 
and magnetic fields. Here the fundamental explanation of 
all electric, magnetic, and optical phenomena were sup- 
posedly given m one simple set of basic laws (Eqs. 8-24, 8-25, 
and 8-26). In addition, Maxwell's theory predicted that elec- 
tromagnetic waves oÝ any frequenecy, no matter how low, 
should be radiated with the velocity of light. Thịs theory was 
first experimentally verifled by Hertz in 1888, and by 1901 
Marconi had succeeded in transmitting electromagnetic 
waves all the way across the Atlantic Ocean. These electro- 
magnetic waves oŸ lower frequency than light and infrared 
waves came to be known as radio waves. 

Normally the derivatlon of electromagnetie radiation re- 
quires calculus and diferential equations. However, now 
that we have worked so hard in the last two chapters to de- 
velop the complete set of Maxwell equations, it would be a 
shame to give up just before the grand climax. The following 
noncalculus explanatlon of electromagnetic radiation was 
worked out for this book with the help of Professor R. Feyn- 
man, a physiclst at California Institute of Technology. 

For the radiation source we shall use an in8nite sheet of 
current. As shown on page 199, the magnetic feld produced 
by a current running down a plane of ¿ statcoulombs per 
centimeter is (see Bq. 8-17) 


R= 2m 
e 


Now consider the case where originally there is no current 
and then the current ¿ is suddenly turned on (see Eig. 8-27). 
The procedure wIll be to assume that the feld B8 = 2zi/e 
travels outward from the infñnite plane with a velocity 0. We 
also will assume that a uniform electric fñeld  aceompanles 
Band is perpendicular to Ö. In other words, we are assuming 
that a wave or step function of Ÿ and Ö travels away from 
the Infũnite plane with velocity 0ö. Then Eqs. 8-25 and 8-26 
can be used to solve for the values of Ÿ, Ö, and 0. We wIll ob- 
tam the solutlons Ÿ = Ö = 2zi/c and p = e as shown In the 
following paragraph. Henece such an outgoing wave traveling 
with 0 = c doesindeed satisfy Maxwell's equations and thus 
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Fig. 8-28. Electromagnetic pulses of 1 x 10-Š sec duration 
being radiated by turning on and of an infũnite plane of cur- 
rent. A square section of the infnite plane and electromag- 
netic wave is shown. Lines of Ö are In red and lines of in 
black. 


t=0 
¿ just turned on 


ỉ 


300 600 900 1200 1500 m 


t£=1Xx10”Š sec 
¿ 1ust turned of 


1st pulse 
2 2ˆ 


t=3x 10”Ôsec 
¡ just turned on 


1st pulse 


D 


t=4x 10”Š sec 
¡ just turned of 


2nd pulse 1st pulse 


1s the correct solution for the situation where ¿ is suddenly 
turned on. 

In Figure 8-16 consider the situation shortly after the cur- 
rent has been turned on and the wave of 8 = 2z¡/c has onlÌy 
traveled a distance x where + Is less than ö. Then Ö ¡s still 
zero at the ends of the rectangle In Fig. 8-16, and Eq. 8-25 
Øølves 


Xe 47(— ra) 1 ANp 


` Œ c€ Ai 


(8-27) 
The minus sign is because we have chosen the up direction 
as positive. The electrie ñux /p is the area 2x times #. Thus 


ÂN z 2g aẦ*% 


Ný Af = 2EFqu 


1s the time rate of change of the electric ux through this 
rectangle. Substituting Iinto Bq. 8-27 g1ves 


U =— “Tia + 2 lau 
Ea 3t x€ 
e Là 
Since the factor (2z:/e) 1s the value of B we have 
l= ĐC (8-28) 


To solve for ø, another equation is needed. "This 1s obtained 
using the vertical rectangle of Fig. 8-27. The electric 8eld 
contributes to (r * L)«osed pan only along the left-hand side 
of the rectangle. Thus 


(E * ỦL]elosed path —= h-sq 
Equation 8-26 1s then 


— TYNn 
Tản œ àf 
Since 
x ÂN, _ AX .- 
Np = Bax, m= Ba = Bau 
Then the above equation becomes 
Ea — Bau 
& 
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ÄJIentdix 8-Ì 


Eig. 8-29. Current flowing “through” a cireular capacitor 
of radius #. 


OF 


b=B* 
C 
The result ø = e 1s obtained by dividing this equation by 
Eq. 8-28. 

Exactly the same derIvation may be used to prove that ïf 
the current 1s suddenly turned on and then suddenly turned 
off, an electromagnetic square wave or pulÌse wïll be radiated. 
"The radiation of such pulses is 1]lustrated in Fig. 8-28. In fact, 
since #Ÿ 1s proportional to 7, It follows that if 7 is varied 
sinusoidally, then a sine wave will be radiated. Maxwell pro- 
posed that visible light consists of electromagnetic waves of 
the appropriate wavelength. Until this time (1864), perhaps 
the greatest unsolved question m physics was just what do 
light waves consist of? With the help of Maxwell, we now 
know that the light waves consist of oscillating electric and 
magnetic fields. Thịs discussion is continued in Chapter 10. 


Thịs Appendix discusses the necessity of adding the term - , 
to ba. 8-23. We will show that Eq. 8-23 when applied to a eireular 
capacItor gives a mathematical contradiction, whereas the revised 
lq. 8-25 gives the correct answer. 

Consider a current 7 fowing into the circular eapaeitor of Fig. 8-29. 
The charge that is removed from the right-hand plate aceumulates 
on the left-hand plate. As shown on page 197, by choosing cireles of 
radius ?# around the current and by applying Eq. 8-23, the field at 
points Cand # is found to be Be = By = 21/cR. However, the circle 
of radius # that passes through point D eneloses zero current, so 
Eq. 8-23 predicts p = 0. We can now obtain a mathematical con- 
tradiction by also applying Eq. 8-23 to a rectangle with ŒÐ as one 
side and two other short sides of length s projecting out of the page. 
The rectangle is completed by joining these two short sides together 
with a second side of length CD. 


Then (Bu ` ƒ)6losed path —= Bc sm—= Bọ dÉ 


But since zero current flows through this rectangle, bq. 8-23 states 
that 


Bọ = Bc= <— insteadof_ Bp= 0 
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Pr0lllerns 


Maxwell discovered this contradiction and proposed the followIng 
equation which both overcomes the contradiction and agrees with 
experiment: 


4n LẠN 
0209/00 0y cm P ớt 


where Ấ; is the ux or number of lines of # enclosed by the path. 
'Thïs equation can be checked for our example of the circular capaci- 
tor by again taking a circle of radius # passing through point Ð for 
the closed path. According to Bq. 7-13, the total number of lines oŸ 
È between the plates is W; = 4zQ. Then ANz/Af = 4m AQ/At = 
4z[I. Now substitute 4zÏ for ANg/A£in Eq. 8-25. Then 


jnnẽn". 
eC 


and 


which now agrees with ẹ and the contradiction ïs resolved. 


1. Does an observer moving along a charged wIre measure the same 
current as a stationary observer? 


2. Two long, straight parallel wires are 16 em apart and carry cur- 
rents of 4 amp each. Determine ?Ö at a point midway between them. 
(a) When the currents are 1n the same direction. 
(b) When the currents are m opposite directlons. 


3. A solenoid 1 m long and 8 em ïn diameter is wound with 500 
turns of wire. 
(a) What is Ö inside the solenoid when 1t carries a current of 6 
amp? 
(b) What is the total number of lines of 8? 
4. Rewrite Faraday's law so that it gives emf in volts, keeping the 
other units the same. 


5. An electron moving horizontalÌy from east to west enters a mag- 
netic 8eld and 1s defected downward. What ¡s the direction of the 
magnetic field? 

6. A 300-turn coil of 100 em? area is rotating in a magnetic field of 
5000 gauss, at 1800 rpm. What is the peak value of the emf 
generated? 


7. An electron 1s shot down the axis of a solenoid. IDescribe the 
motion of the eleectron. 


8. A thousand turn coil whose area of 100 em? is perpendicular to 
the earth'*s magnetic field ¡s ipped 90° in 1 sec. Phe average emf 
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Prob. 9 
30 cm 
blectron beam Pole 
=——————————` 
face “sản 
10 em 
Prob. 10 


ïN.==-x.. rẻ 
".ễằ đ 


h 


Prob. 13 


Beam into page 


coming from the coil during that second was measured to be 0.6 
miilivolt (0.6 x 10-3 volt). What was the strength of the earth's 
magnetic fñeld? 


9. A beam of electrons of velocity 10% em/sec is to be deflected 90° 
by a magnet as shown. 

(a) What must be the direction of ÖB to give this downward 
defection? 
(b) What is the radius of curvature of the electron path when 
between the magnet poles? 
(c) What is the force In dynes on the electrons when in the 
mmagnetic fñeld? 
(d) What is the value of 8 n gauss? 


10. An electron of mass zz enters between two parallel charged 
plates with velocity 0ọ. Ignore gravity. 
(a) TẾ the value of the uniform electrie fñeld is #, the path of the 
electron will be part of a (circle, sinewave, parabola, ellipse). 
(b) What will be the direction of the acceleration? What will be 
1ts magnitude in terms of e, #, and m2 
(c) How long will it take until the electron hits one of the 
plates? 
(d) Suppose the lines of # were magnetic rather than electric 
fñeld (pointing in the same direction as  now points). Then 
what would be the direction of foree on the electron? 


11. Derive a formula for the period of revolution of a proton ïn a 
magnetic fñield Ö. 


12. An 8amp current is sent down a 2 em diameter thin copper tube. 
(a) What 1s Ö at 4 cm from the tube axis? 
(b) What is Ö at 0.5 em from the tube axis? (this poiïnt is inside 
the cylindrical surface of current). (Hn: does a closed path of 
radius 0.5 cm enclose any current?) 


13. A beam oÝ protons of velocity ø = 0.1 e travels through a region 
of crossed magnetic field and electric field as shown. The protons are 
moving perpendicular into the page. The electrostatic force on the 
protons Is 3 x 108 dyne. 
(a) What must be the ratio #⁄B so that the net force on the 
protons would be zero? 
(b) What would be the value of 8 in gauss? 
(c) S5uppose #⁄/ was as above, what would be the direction and 
magnitude of the net force on a particle of charge + and 
velocity ø = 0.2 c? (This arrangement of crossed felds is used 
as a device tơ select only those particles oŸa given velocity.) 


14. A coaxial cable consists of an inner and an outer cylinder ofradii 
? and #;, respectively. A current of 7 statamp flows along each 
cylimder but in opposite directions. What is Ö at a distanee r from the 
common axis 

(a) when r 1s between the two cylinders? 

(b) when r is outside the outer cylinder? 
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Prob. lỗ 


lì 


Prob. 16 


L) 


lỗ. Consider two solenoids 4 and Ö with current fowing as 
indicated. 
(a) Which end of Ö is the  pole? 
(b) What will be the directlon of the resultant force on 82 
Hữmt: consider solenoids as equIvalent bar magnets.) 
(c) Is there a torque on Ö? Tf so, im what direction will  tend 
to rotate? 


16. Consider a transformer which has 103 turns In the primary and 
10! turns in the secondary winding. A 60-cycle per second a-c voltage 
is applied to the primary which produces a maximum of 10 lines of 
B passing through both coils. The ux through the windings 1s 
plotted against time 1n the fgure. 

(a) How long does it take for the lines of 8 to buïld up from 0 to 

the peak of 10? 

(b) During this time what 1s the average emf induced m the 

secondary? 

(c) What was the average voltage across the primary during this 

time? 
17. A jet plane with a 20-m wingspan is fying 600 mph due north at 
a latitude where the vertical component earth's magnetic ñeld 1s 
0.6 gauss. 

(a) What is the potential diference between the wing tips? 

(b) Which wing has the higher potential? 


18. The mass of an electron rapidly increases as It approaches the 
speed of light. What is the mass of an electron moving ïn a circle oŸ 
i = 10 em when Ö = 10,000 gauss? (Hní: Put o = cm Eq. 8-11.) 
What 1s the ratio of this mass to the electron rest mass? 


19. A coaxial cable has a current 7; = 3amp flowing down the center 
conductor and ï¿ = 3 amp flowing up the outer cylindrical con- 
ductor. 

(a) What is B at a distance of 5 em from the center? 

(b) What 1s Ö inside the cable at a distance of 0.5 em from the 

center (at poïnt ?)? 


20. In the Bevatron at Berkeley, California the protons reach seven 
times their rest mass and have velocity u = 0.99c. What must be the 
diameter of the Bevatron 1f it has a vertical magnetic feld of 10,000 
gauss over the entire proton orbit? 


21. How many revolutions per second does a proton make In a 
cyclotron with magnetic 8eld Ö = 18,000 gauss? Note that the 
answer is independent of the proton velocity or radius of the orbit. 


22. A large sheet of current is oscillating sinusoidally at a frequeney 
o£ 100 megaecycles (108 cycles per sec). The peak value of the radiated 
electric feld 1s 5 voÌts/cm. 

(a) What is the peak value of the current in statamp/em? 

(b)_ What ïs the peak value of Ön gauss? 
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23. A current Í đows uniformly along a solid rod of radius ?*. What 
is Ð inside this rod at a đistance r from the axis? (r < đ). 


24. Assuming Fig. 8-12 is reproduced to scale and the magnetic ñeld 
is 12,000 gauss, calculate the mass of the electron as it enters the 
bubble chamber (assume it enters almost at the speed of light). What 
is the ratio of your result to the rest mass of the electron? Ñow use 
Bq. 3-6 to see how close the velocity 3s to the speed of light. 
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9-1  Practical Units" 
Volts and dmps 


The everyday electrical units used by electrlclans and 
electrical engineers are the coulomb for charge, the ampere 
for current, the volt for electrical potential, and the 
Joule/sec, or watt, for power. As mentioned in Chapter 7, the 
coulomb 1s defined to be e/10 times a statcoulomb where e 
1s expressed in cm/sec. Thus the practical units of charge 
and current are 3 x 109 times larger than the corresponding 
esu units. Presumably the practical units were established 
because of their more “convenient” size. However, things 
would have been much more convenient and practical the 
conversion factor had been chosen as e rather than e/10. 
According to Eq. 7-17 the size of the practical unit of poten- 
tial is determined by the choice of the coulomb for charge 
and joule for energy: 


j— 
g 
ljoue 107 ergs 


LY®l = T@2ulomb — 8 x 109 stateoul 


- 1 edrg _ I1 

S770 P100) S gu 0°? 
Thus the esu unit for potential is 300 times larger than the 
practical unit. 


9-2 0hms Law 


A consequence 0ƒ the structure oƒ mafter 


lfa voltage Vis applied across a eonduector, some value of 
current 7 will fow. Early in the nineteenth century George 
Ohm discovered that the magnitude of the current in metaÌs 
was proportional to the applied voltage as long as the tem- 
perature was kept the same. The remarkable fact here 1s that 
this is not mereÌy another approximation like Hooke's law, 
but that the relation appeared exact withm the accuracy of 


*Sections 9-1 to 9-4 may be omitted. Subsequent material does not depend 
on these sections. However, later material does depend on Sections 9-5 to 9-7, 
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Ohm's lau 


Q.1: Is the right-hand side of Bq. 9-1 the average drift veloc- 
1ty of the conduction electrons? 


measurements. Ôn definedl the reststance of condiuefor as 
the uoltage diurded by the current. 


R= Ẳ 1s iIndependent of ƒ for a metal 


In the practical system V is in volts and ƒ in amperes. The 
unit of resistanee 1s volt/amp. This unit was given the special 
name ohm (by someone other than Ohm). 

Just how basie is Ohm's law? Is It some new fundamental 
law of nature, or is 1t merely the consequenece of the structure 
of matter and basic laws of interaction as was the kinetic 
theory? As we might expect, the latter is the case. The re- 
sistance of diferent substances under various conditions 1s 
explained quite well by the quantum theory of solids (see 
Chapter 14). In the following paragraph Ohms law is de- 
dueced from the theory of metals. 


Dertuation öƒ Ohm 5 lau ƒrom theory 0ƒ metals 
The quantum theory of metals tells us that because of the 
wave nature of electrons, the outer atomic electrons are not 
bound to individual atoms In the metallic crystal. Thịs is 
contrary to the ideas of classical physics and is explained in 
Chapter 14. These conduction electrons can travel many 
atomic diameters before having an atomie collision. Let E 
be the mean free path between collisions. The time between 
collisions will be A£ = Ú/⁄u, where w is the average velocIty 
of the conduction electrons (/ is in all random directions; 
hence 1t does not give rise to a net current). IÝ a voltage 1s 
applied across a piece of metal, there will be a force eÈ on 
each conduction electron, and during the time Â/ each con- 
duction electron wlll pick up a drift velocity uạ = Â given 


by 


m5 = eÈ (Newton” second law) 
Â = S°A¿¡ 
m 


Replacing A¿£ by (U/u) we obtam for the drift veÌocity 


bạ = Àu — SÙ E (9-1) 
ìu 
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Ans. 1: No. It is the value reached just before having an- 
other collision. The average drift velocity 1s halfway between 
this value and ïts initial value oŸ zero. 


A is in the same direction for all the electrons and thus g1ves 
rise to a net current. Each electron loses 1ts drift veÌlocIty 
after each collision. The mean free path Ú is so small that 0a 
is always much less than u. Typically the drift velocity 1s less 
than 1 mm/sec (see p. 184). The electric current 1s the 
product of the charge per electron tỉmes 9 the total number 
of conduction electrons per centimeter along the wire times 
the ,average dr1ft velocIty: 


T= e3X40a 
The average drift velocity will be one-half the peak drit 


velocity. Substituting one-half the value given by Eq. 9-1 
yields 


= e%(S =) _- €ŠXL „ 
2 mu 2mu 


We see that according to Eq. 9-1 the drift velocity and hence 
the electric current is proportional to #, which ïn turn is 
proportional to the applied voltage. Thus as long as (or the 
temperature) remains constant, the current wïll be propor- 
tional to the applied voltage as observed experimentally by 
Ohm. We can obtain a formula for the resistance ofa wire of 
length x by noting that the voltage across It wIll be Wƒ = +. 
Substituting (Y/+) for # into the above equation g1ves 


H— 


2mu \x 


e?%LL ( -) 
Hence the resistance 1s 


2mux 
= e23UL 


9-3 Circuit The0ry 


Electrons preƒer the path oƒ leqst resistance 


Many everyday electrical applications involve series and 
parallel combinations of resistances. The total resistance #; 
of a combination of resistances 1s obtained by dividmng the 
voltage applied across the combination by the total current 
flowing through the combination. In each of the resistance 
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Fig. 9-1. Resistances #ị, E;, and ??s in serles cormbination 
(z), and parallel combination (Ù). 


Il— 
Rì Wì Battery 


V = Fe) Ÿ; 


Rạ$ 1 


(b) Parallel circuit 


(œ) Series circuit 


-Fig.9-2. Complex circuit o£resistances. The symbol 9 stands 
for ohm. 


B 


6 voÌts 


Eig. 9-3. Same circuit as Fig. 9-2 redrawn to make series 
and parallel ecombinations more apparent. 


6 volts -— 


39 


+ Right branch 


combinations shown In Fig. 9-1 the total resistance 1s 


In a series circuit the same current flows through all the 
resistors. In a parallel circuit the total current is the sum of 
separate currents through each of the resistors. In the serles 
combination the total potential diference W 1s 


Ji lối sp cối dê VĐ 
Dividing both sides by T 


80 Lí. v0 tò Lói 

100170981170 202.18 
OF 

R,= Rìi+ R¿ + R; 


(series combination) (9-2) 


We see that in a series circuit the total resistance 1s the sum 
of the Individual resistances. 
In the parallel combination (Fig. 9-1) 


I=hlh+l:+1: 
Dividing both sides by V 
I —h , 1l, 1 


1 =1 vàng: 
OFr 


JAớaA. Bi 
""n 


R.C Rị ñR khấu 


(parallel combinatlion) 
In a parallel cireuit, the reciprocal of the total resistance is 
obtained by adding the reciprocals of the mdividual re- 
sistanees. 

Many complicated cireuits can be solved by breaking them 
down into combinations of simple series and parallel eircuits. 
This procedure ¡s illustrated in the following example. 


Example I1 

In the cireuit shown in Fig. 9-2: (a) What 1s the total current 
supplied by the battery? (b) How mụuch current flows through the 
6-ohm resistor? 

In order to find 7 we must fñrst calculate #;. Thịs 1s facihitated by 
redrawing exactly the same circuit as shown in Eig. 9-3, so that the 
series and parallel ecombinations are made more apparent. We start 
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with the parallel combination of the 2- and 6-ohm resistors. Let # 
be the resistance of this parallel combination. Then 


"This is in serles with a 1.5-ohm resistor; hence the total resistance 
ˆ of the left-hand branch 

P.=F+ l5=ðohms 

Emally this left-hand branch (#?) ism parallel with the 3-ohm re-... 
sistor. Thus 


1s. 


 j sứ Đi 
R, = 1.5 ohms 
and _ Ễ 
=—-=-—-—-=Á4 
II ĐC u22 


is the total current supplied by the battery. 
To nd the current through the 6-ohm resistor we must first de- 
termine the current 7“ through the left-hand branch, which 1s 


— 6volts 
.¬. 
This current splits up m such a way that the voltage across the 
6-ohm resistor will be the same as across the 2-ohm resistor. Thus 
75% 0Ÿ Ï* goes through the 2-ohm resistor and 25% of Ï”, or 0.5 amp, 
goes through the 6-ohm resistor. 


Ti = 2amp 


The short circutt 


Eig. 9-4. Illustration of a short circuit. Poïint A is short cir- In Figure 9-4, the bottom of the voltage source 1s con- 
cuited to ground. nected to ground (the potential of the earth). In circult 
69 theory, the potential of the earth 1s defined as zero potential. 


Note that 1Ý we connect one poïnt of a circu1t to ground, no 
current will ow through this connection. In Flg. 9-4 what 


à is the potential at point A4? Note that It 1s possIble to trace a 


zigzag path of wIires from poïnt A to ground without passing 
through any resistor. In these điagrams, the connecting wires 
are assumed to have zero resistance. According to Ohm's law, 
the potential drop, or potential diference, across a wire wlÏ 


TH Tremnnnnnnuneoeneeseeyoaayarheheer.............. 


= Ground 
be ‹ 
\ 
Ự= J0 1n 0 
=Ĩ >.< 0 
=U volt 
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Thus the potential at point A 1s also zero. In fact, any two 
poInts connected by a reslstanceless wIre w1ll be at the same 
potential. Since the potential difference across the 2- and 
4-ohm resistors 1s zero, no current wilÌ ow through them. 
These two resistors are then said to have been short- 
circuited. If you were to short circult a 115-volt home outlet, 
the current would be 


J _V _ 1lãvolts 


TY 200m9 nón 


In actual practice the current would not be infnite since the 
wires do have a small amount of resistance; however, the cur- 
rent would be large enough for sparks to fly and fuses to 
blow. 


Eiectricdl potuuer 
Electrlcal power 1s the electrical potential energy that 1s 
dissipated per unIt time. 


ŨU 


Power = — 
£ 


The electrical potential energy being used up by a charge 
Q 1s Ư = QV. When a charge Q fows through a conductor, 
the potential energy 1s converted into heat energy. The elec- 
trical power or rate of heat production 1s 


QV 


OWeQY =Z — 
p f 


By definition Q/ứ is the current 7. Hence 
power = 1V (9-4) 


Exampie 2 

A 75-watt light bulb operates at 115 volts. How much current does 
1t draw and what 1s 1ts resistance? 

According to Edq. 9-4 


_ power 7ð watts 


t¿ ¬= 
V 115 volts 


= 0.65 amp 


The resistance can now be determined using Ohm'”s law: 


“`... 177 ohms 


I — 0.65 
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Fig. 9-5. The điode rectifer. An a-c voltage is applied to the 
input terminal A. "The output voltage at Ö has the negative 
peaks “clipped” of. 


Voltage 
applied to A 


Voltage at B 


Fig. 9-6. Diode rectifer with capacitor C. Without C the 
output voltage would be the dashed red curve. 


A~c Input 
voltage 


l2 


D-c output voltage 


\ ý \ M 
` ` ị 


==. 


Fig. 9-7. The black curve 1s plot of RF (radio-frequency) 
voltage as a function of time. In this fñgure the RF or high- 
frequency electromagnetic wave 1s amplitude modulated 
with a pure sine wave or musical note of 1000 cycles/sec 
(red curve). For sake of clarity the RF frequency is greatly 
reduced. 


10—3 sec——- 


9-4 Radio and Television 
Eueryday elecfronics 


Diode defecfor 

The heart of a radio or television set 1s the diode detector. 
As shown in Fig. 9-5, the usual diode detector consists of a 
resistor ?# in serles with a p-n Junction diode. As wIll be ex- 
plained in Chapter 14, a p-n junction has the property that 
1s resistance 1s strongly dependent on the direction of the 
applied potential difference. In one direction the resistance 
1s almost zero, and in the other direction it 1s very large. Any 
circuit element having this property is called a diode. In 
Fig. 9-5 we see that when a positive voltage is applied across 
the diode resistor combination, the diode is essentially a 
short circuit and the positive voltage appears across the 
resistor #. But when a negative voltage 1s applied, the diode 
resistance 1s much greater than # and most of the negatIve 
voltage appears across the diode rather than the resistor. 
Although the voltage on A is negative 50% of the time, the 
voltage on the output Ö ïs never negative. The voltage on B 
can be used to charge up a capacitor. This application of the 
diode, called a diode rectifier (see Flg. 9-6), can convert an 
a-c voltage into a d-c voltage. All a-c operated radio and 
television sets have diode rectilers to convert the ac Into dc. 


Radio 

An AM radlio station transmits an electromagnetic wave 
at a ñxed frequency somewhere in the broadcast band. The 
broadcast band ímmcludes frequencies from 0.5 to 1.6 mega- 
cycles (1 megacycle 1s 108 cps). The amplitude of the electro- 
magnetie wave is modulated or varied with the audio signal 
that is beïng transmitted. As an example Flg. 9-7 1s a plot of 
an electromagnetic wave modulated with a pure musical note 
of 1000 eps. In a radio receiver, this weak signal is picked up 
by an antenna, amplifed by a RF (radio-frequency) ampli- 
fier, and then fed to a diode detector. The output voltage 
from the diode is the original audio signal of 1000 cps as 
shown In Fig. 9-8. This audio signal is amplifed by an audio 
ampli8er and fed into a loudspeaker. The block diagram of 
an AM radïio receiver 1s shown 1n Fig. 9-9. 
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Fig. 9-8. Heavy red curve is output voltage from diode 
detector. Note that output voltage is original audio signal 
with small RF ripple. The thin black curve represents the 
RE signal with the negative peaks clipped oẾ. 


Detector 
output 
voltage 


Fig. 9-9. Block diagram of AM radio recelver. 


Audio 
annplifer 


Antenna 


N 


Speaker 


Fig. 9-10. The video signal of the letter “N” using 9 scan 
lines. (z) The corresponding image on an oscilloscope of pic- 
ture tube using the video sỉgnal of (ð) to control the electron 
beam Immtensity. 


BH — 
(a) =8 


Video signal 


(b) 


sync pulse 


In television the video signal is also amplitude modulated 
onto a RE carrier. Thus a television receiver is similar to an 
AM receiver except that the fñnal video signal is used to 
modulate the intensity of the electron beam that strikes the 
screen of the television picture tube. In the final video 
signal, the voltage ís directly proportional to the brightness 
of the image scanned. In the time intervals between the scan 
lines of the video signal are voltage pulses that tell the pic- 
ture tube sweep-circuit to start sweeping another line. The 
scanning sequence of the letter “N” ís shown in Flg. 9-10ø, 
and the corresponding video signal is shown 1m Eig. 9-106. A 
block diagram of a television receiver, including the sweep 
cireuits, is shown in Eig. 9-11. Commercial television In the 
United States uses 525 scan lines to the frame and 30 com- 
plete frames per second. 


9-5 The Electron Yolt 


One more unit 


The electron volt (ev) is Just another unit of energy like 
the erg or joule. Its size is small enough to be convenient for 
measuring energies of single elementary particles. 


lev = 1.6 x 10F)2erg 


Thịs particular 0uaÏue 0ƒ energy tuds chosen fo correspond fo 
the qmounf 0ƒ energy giuen to one eÌlectron tuhen accelerated 
through a potenfidl diƒerence 0ƒ I uoit. We can check thĩs by 
using Eq. 7-1?: 

W — Q 3>. V 
1 ev = (e) x (1 volt) 
4.8 x 1019 esu < (z‡g statvolt) 
= 16x 10-l“erg 
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Eig. 9-11. Block diagram of a television recelver. 
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The kinetic energles given to particles by high-energy 
accelerators are usually measured in ev or Mev (million 
electron volts). A Van de Graaff generator (see page 158) that 
can produce a potential diference of 3 million volts can 
accelerate electrons or protons to a kinetic energy of 3 Mev. 
A Van de Graaff can also be used to accelerate helium nuclei 
of charge Q) = 2e. In this case the energy obtained will be 
twIce as much since W = QVis proportional to the charge of 
the particle. A helium nucleus accelerated by a potential dif- 
ference of 3 million volts acquires a kinetic energy of 6 Mev. 

Tt is Interesting to note that the mass of a 3-Mev electron 
has Increased by a factor of seven. Ás mentioned in Chapter 
3, the mass of a particle will increase as its veloclty ap- 
proaches the speed of light. According to Eq. 5-10, the rest 
energy of an electron 1s 


W = mạc? 
where 7mọ = 9.1 x 10~?8 gm is the electron rest mass. Then 
Mù = (9.1 x 10-23) x (3 x 1010)2 ergs 


= 8.2 x 10 7erg 


“-.... 
1.6 x 10-12 


= 5.1 x 105ev = 0.51 Mev 


ev 


Hence a 3-Mev electron has a kinetie energy of almost six 
tìmes Its rest energy. Its total energy W is the sum of the 
rest energy plus the kmetic energy. 'Phus the total energy 1s 


W—= 7 mọc? 


According to Eq. 5-10 the relativistlc mass of the electron 


7mọoc2 
J4) == 
c2 
OT 
Jjf¿ == T7Tọ 


(hapter 9 | 226 


' 


| Fig. 9-12. Schematic dlagram of a cyclotron. The lines of 8 
_ are in red. The D-shaped electrodes are outlined in black. 
- The pole tips of the cyclotron magnet are outlined in light 
- broken black lines. The heavy dashed spiral 1s the path of a 
-_proton starting from the center. (Adapted from the Scien- 
- tiịc Americdn.) 


1 
L Upper 
pole face 


Xtrode 


Q.2: A cyclotron originally tuned for protons 1s retuned for 
accelerating helium nucleil. Must the a-c frequency be ïn- 
creased or decreased, and by how much? 


9-6 The yclotron 


Going around tn circles can pay 0ƒ 


As explained on page 195, a beam of charged particles can 
be made to bend around in a circular path by using a uniform 
magnetic feld. A cyclotron uses a large electromagnet to 
provide this uniform magnetic field. In addition, the cyclo- 
tron is so designed that after each semicircle of path the 
charged particles pass through an electriec fñeld and are 
accelerated !f the electric field ¡s pointing m the approprlate 
direction. As shownn Fig. 9-12 the electric field 1s across two 
hollow ID)-shaped electrodes. An a-c voltage is applied which 
switches the feld direction each time the particles complete 
a half revolution. By this trick, the electric field is always 
pointing in the correct direction for accelerating the par- 
ticles. The triek would not work IÝ particles o£ different 
energles had diferent periods of revolution. We can show by 
E4q. 8-11 that the perlod of revolution 1s Independent of the 
particle energy or radius of its circular path. According to 
Eq. 8-11 


is the radius of the cIrcular path. For ø we can substitute the 
quantity 2z /T' (see lq. 2-16). Then 


OY 


(9-5) 
which 1s independent of both ? and o. 


The synchrocyclotron 

Actually the perlod 7 'in Eq. 9-5 1s not independent of ø for 
velocities comparable to the speed of light. Thịs 1s because 
the mass /z must Inerease with velocity according to the 
equatlon 
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Ans. 2: According to lq. 9-5, the period of revolution is pro- 
portional to mass đivided by charge which for helium nuelei 
is twice as much as for protons. Hence the frequeney is 3 the 
proton frequency. 


For this reason conventional eyclotrons can accelerate pro- 
tons only to about 20 Mev. However, If the period 7` of the 
alternating voltage is increased as the relativistic masses of 
the particles mcrease, there 1s no lim1t (other than magnet 
expense) on the possible energy. This type of cyclotron 
where the oscillator period 7'is varled during acceleration is 
called a synchrocyclotron. 


Exampie 3 

A synchrocyclotron has a magnetic field of 18,000 gauss. What 
will be the oscillator frequency when the protons have velocity 
b = 0.01c, and when they have veloecity 0 = 0.6c? 

Putting Mf, = 1.67 x 10? gm and Ö ~ 1.8 x 101 gauss into 
l.q. 9-5 g1ves 


p_ 3" 1O XI0)|LUNG22< 1O) LUAS) 
— 4.8 x 10-19 x 1.8 x 101 
T = 3.64 x 10-3sec 


sec 


OT 


ƒ= + = 27.5 megacycles 


When the veloeity 1s as high as 0.6c, Bq. 3-6 must be used for the 

proton mass: 

dự, - 1.67 x 1021 
V1 ~- (0.8)? 

We see that the mass has Increased by 25%. According to Bq. 9-5 the 


period 7' will likewise Increase by 25%. The kinetie energy of sụch a 
proton is 25% of its rest energy, or 25% of 938 Mev or 234 Mev. 


gm — 1.25 x 1.67 x 10-?1gm 


Eigure 9-13 shows the vacuum tank of the world's frst 
cyclotron built m 1930 by E. O. Lawrence and M. S. Living- 
ston above the world”?s highest energy synchrocyclotron. The 
giant Berkeley synchrocyclotron, also built by E. O. Law- 
rence, was first operated shortly after World War II. With 
some modifications it can now accelerate protons to kinetie 
energIes of 730 Mev. 


9-7 Hiph-Energy Accelera†ors 
The endl ts stll not in sight 


Recent developments in accelerator design make It pOS- 
sible to obtain higher energies using less massive magnetS 
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Fig. 9-13. 'The growth of the cyclotron. Vacuum tanks of the 
first cyclotron are shown at right. The world”s highest energy 
synehroeyclotron is shown below. (Courtesy Lawrence Radia- 
tion Laboratory, University of California.) 
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Fig. 9-14. Early Cornell electron synchrotron before inser- 
tion of donut-shaped vacuum tankh. Accelerating electrodes 
are at right. 


4 Fig. 9-15. Master control room of Russian 10-Bev proton 
synchrotron. (Courtesy Sovfoto.) 


than those of the Berkeley synechroeyeclotron. The mai triek 
1s to build the magnet only around what would be the outer 
cyclotron orbit. Instead of a cyelotron tank for the particles, 
an evacuated hollow donut is used. As in the cyclotron, the 
particles are accelerated by passing through a region of elec- 
tric feld. At the same time the magnetic feld must be ïn- 
creased proportional to the increase in particle momentum; 
then according to Eq. 8-11 the radius of the circular orbit will 
stay fixed. Accelerators of this type are called synchrotrons. 
Eigure 9-14 shows the ring-shaped magnet of one in the series 
of Cornell electron synchrotrons. The evacuated donut is of 
an elliptical cross sectlion, 1.4 x 3 in., and runs through the 
center of the magnet. The values of # and ạa„ for this 
Cornell synchrotron were such that electrons could be 
accelerated up to 1.2 Bev (billion electron volts). Much of the 
ploneer work on the new elementary particles was done 
using a 3-Bev proton synchrotron at Brookhaven National 
Laboratory called the Cosmotron and using a 6.2-Bev proton 
synchrotron at Berkeley called the Bevatron. The Bevatron 
1s shown In EFig. 16-3. A 10-Bev version is located near 
Moscow. Part of the control panel of this enormous machine 
1s sShown in Fig. 9-15. 

The most recent and highest energy synchrotron is located 
at Brookhaven National Laboratory. As shown in Fligs. 9-16 
and 9-17 on the following page, 1t 1s 840 ft in diameter and is 
capable of accelerating protons to about 30 Bev. A similar 
accelerator is located at the international CERN laboratory 
1n Geneva, SwItzerland. A proton synchrotron ofabout twlce 
this energy 1s under constructlon near Moscow and should 
be completed by 1968. In the United States plans have been 
made to build a 200-Bev proton synchrotron, and an even 
larger accelerator of about 1000 Bev is currentÌly under 
study. 


Exampte 4 
What must be the diameter of a 30-Bev proton synchrotron lIf 
Bmax = 8000 gauss? 
According to Hq. 8-11 
cB 


First, we must use the formula W = Äíc? to determine the rela- 


lÑ = (9-6) 
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Fig. 9-16. Aerial view of the construction of Brookhaven 
30-Bev proton synchrotron. The one-half mile-long magnet 
js contained in the ring-shaped underground tunnel. (Cour- 
tesy Brookhaven National Laboratory.) 


Fig. 9-17. View inside unđerground tunnel of the Brook- ]* 
haven 30-Bev proton synchrotron before mstallaton of 
magnet. The spur to the left houses the proton Iinjector. 
(Courtesy Brookhaven National Laboratory.) 
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tivistic mass of a 30-Bev proton. The total energy W of a proton 
having 30 Bev of kinetic energy is the 30 Bev plus the rest energy of 
938 Mev, or a total of 30.938 Bev. Thus 


_— 30.938 Bev 
=“¬. 


M = 5.5 x 10-?3gm 


"This is the value of Mí that must be used in lq. 9-6. For ö we shall 
use the value e = 3 x 1019 cm/sec because such extremely rela- 
tivistlc protons are almost traveling at the speed of light. Then 
la. 9-6 gives 
TC U CC CC. 0c. 0 
(4.8 x 1019) x (8 x 103) 
It is clear that there is no limit to the size or energy of 
synchrotrons, except perhaps the diameter of the earth. The 
reader will understand better the purpose of these high- 
energy accelerators after reading Chapters 15 and 16. With- 
out these accelerators, it would be impossible to study the 
fundamental properties and interactions of the elementary 
particles of matter. Ín fact, some of the elementary particles 
were first discovered with the help of the high-energy 
accelerators. It is these fundamental propertles of elemen- 
tary particles upon which all of physical selence 1s ultimately 
based. 


1. As the mean free path of conduction electrons in a metal in- 
creases, the resistance of the metaÌ (increases, decreases, remains 
the same). 


2. A toaster produces more heat than a hght bulb when they are 
connected mm parallel. Which has the greater resistance? 


3. Electric field can be expressed m volts/cm. A feld of ÿ = 1 
volt/em is how many dyne/statcoulomb? 


4. The present Cornell electron synchrotron has a rad1us of curva- 
ture of 10 meters. The peak energy of 2.4 Bev corresponds to a mag- 
netic fñeld of 8000 gauss. The 10 Bev Cornell electron synchrotron 
now under construction 1s designed to reach full energy when the 
magnetic field 1s 3000 gauss. What 1s the diameter of the new Cornel] 
10 Bev synchrotron? By what factor wïll the electron mass be ïn- 
creased as It is accelerated from rest up to 10 Bev? 


ð. Which of the following is not a correct unit of electric potential: 
erg/statcoulomb, statvolt, Joule/amp x sec, dyne x em/statcou- 
lomb, or stateoulomb “em?2 
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Prob. 9 


Áo 
00 9 
Black 
VU ——120volts 


Prob. 12 


6. TWo parallel plates are separated by 3 em. 'The electrie ñeld be- 
tween the plates is 20 dynes/statcoulomb. What 1s the potential dif- 
ference In volts hetween the plates? 


7. What 1s the horizontal sweep frequency in American TV ? 


8. An FM receiver picks up an RE signal of 1 microvolt (10-8 volt) 
and ampliñes it to 10 volts in three identical stages of amplification. 
What is the amplification factor per stage? 


9. The current 7 goïng into the ““black box” 1s 0.5 amp. What 1s the 
potential at the point 4? What is the resistance oŸ the “black box”? 


10. In the accompanying gure, what is the resistance between 
terminals 4 and ?#? 


11. If 7#? = 12 ohms, what is the total resistance between 44 and 8? 
Tf the wire breaks at poïint Œ, what now 1s the total resistance? 


12. In the accompanying fñgure the 6-volt battery 1s connected to a 
total resistance of 12 ohms: 
(a) What is the potential at pomnt 4? 
(b) If the wire breaks at the poïnt indicated by the arrow, what 
then will be the potential at point A2 


13. Electrons are accelerated by a Van de Graaff which generates a 
voltage of2 x 108 volts. 
(a) What ¡s the energy of the electron beam leaving the Van de 
Graafin Mev? 
(b) The electrons are then fed into a synchrotron and cirele 
around for 101 turns. If the RF cavity gives a field of 100 
volts/em and is 10 em long, what will be the fñnal energy of the 
electron beam In Mev? 
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Prob. 14 


Prob. lãa 


Prob. 16 


Prob. 17 


14. An a-c voltage is applied to poimt 4 in the accompanyIng fgure. 
Plot a curve of the voltage appearing at 8 as a function of tỉme. 


15. A cylindrical resistor has cross sectlonal area 4 = 2 cm? and 
length ⁄ = 8 cm. The current density is 7 = 3 amp/cm? when the 
electric field is # = 6 volts/cm. # is constant mside the rod. 


16. 


(a) What 1s the resistance ??? in ohms? 

(b) The electrical conduectivity of a metal is defined as ø = ¡!/E 
where 7 1s the current đensrfy In amps/cm2. The conduetIvIty 1s 
then Independent of the shape or current In the metal. Derive 
a formula for the resistance # im terms ofø, A, and L. 


What must be the resistance X m terms of ?#‡, #›¿, and ?#s so that 


no current flows through the meter G ? 


17. 


Consider the circult of resistors and ideal or perfect diodes. 

(a) What 1s the current In the 2 ohm resistor? 

(b) What is the current in the 3 ohm resistor? 

(c)_ What 1s the current in the 4 ohm resistor? 

(d) Tf the battery voltage 1s reversed, what will be the current 
in the 4 ohm resistor? 
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Prob. 18 


Plion beam 


Prob. 20 
Beam of >j.. 
atoms_ ————* | "¬ 
Regionof. |j Region of 


uniform 


zero field | 


18. In an experiment at the Brookhaven AGS I( is necessary to de- 
flect a 1 Bev pion beam by an angle of 30°. 'Th1s can be done by using 
a magnet with a pole face oŸarea 120 em x 120 em. Outside the pole- 
face  = 0, and between the pole faces Ö Is constant. For each pion 
m ths beam Pec=I Bev=l6x 103 ergs hence = 
1.6 x 103/3 x 1019 = 5.33 x 101! gm cm/sec. 

(a)_ What ïs the radius of curvature of the pion path while in the 

magnetic feld? 

(b)  What value of B8 in gauss is needed to achieve this? 


19. lf the RF frequency needed to accelerate protons in a small 
eyclotron of fxed B1s 107 cps: 
(a) What frequency ¡is needed to accelerate deuterons? 
(Mp = 2u, Zp = 1). 
(b) What frequency is needed to accelerate sinply lonized 
helum He?? (luc = 4Ì). 
(c) What frequency is needed to accelerate doubly lonized 
helium He**? (Doubly lonized helium 1s the bare helium nucleus 
and 1s also called an alpha partiele.) 


20. Ín a mass spectrometer an ionized atom of charge e, mass Äđí, 
and velocity  moves m a semlicircle In a uniform magnetrc field Ö. 
What 1s the mass Ä⁄ in terms oŸ e, 0, c, B and D, the điameter of the 
circle? 
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Eig. 10-1. Vertical antenna showing radiated magnetic lines 
of B. 


B 


So ii Receiver 
Transmitter Ì Đ. 


Fig. 10-2. "The electrical ñeld #⁄ at any fxed poInt in space as 
a funetion of tìme. 
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10-1 Electromagnetic Waves 
Oscillation oƒ E and B rn space and tHme 


This section is a continuation of the discussion at the end 
of Chapter 8. It was shown in Section 8-9 that any perlodic 
motion of charge will radiate an electromagnetic wave of the 
same frequency. As discussed in Section 8-9, an electromag- 
netlc wave consists of mutualÌy perpendicular electric and 
magnetic felds and propagates in a direction perpendicular 
to E and Ö with a velocity of e = 3 x 1019 em/sec. Further- 
more, the magnitude of # must equal that of Ö. 


Example 1 

"The transmitting antenna of a radio station is mounted vertically. 
Ata point 10 mi due north of the transmitter the peak electric ñeld 
is 10-3 volt/cm. What are the direction and magnitude of the 
radiated magnetic field in gauss? 

According to the right-hand rule, the lnes of Ö wIll eircle around 
the antenna current. As shown in Fig. 10-1 the lines of 8 will beim 
the east-west direction when north of the transmitter. At a fixed 
point in spaee the direction of 8 will switch back and forth from east 
to west. The magnitude of ö n gauss will be the same as that oŸ 
in esu. 


10-3 
Eb= 103 lt = 
volt/cm 300 


statvolt/cm = 3.33 x 10” esu 


Therefore  = 3.33 x 10-8 gauss 


Wauelength 

The current in a transmitting antenna when plotted 
against time is usualÌy a sine wave as shown In FlIg. 10-2. At 
any fixed point In space the magnitude of # must also vary 
with time in the same way as shown in Fig. 10-2. The period 
of oscillation 7 is the time interval between successive 
oscillations. Not only does # oscillate as a function of time 
but also as a funetion of space: at a given mstant of time the 
value of electric ñeld as a function of the distance along the 
direction of wave motion will appear as shown in Elg. 10-3. 
'This plot of # versus z, the distance from the antenna, 1s aÌso 
a sine wave. The wavelength À 1s defined as the distance be- 
tween successive oscillations. A general feature of wave 
motlon, whether electromagnetic waves, water Waves, Or 
sound waves, 1s that the distance covered by the wave m Ì sec 
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Eig. 10-3. The electric fñeld # along the directlon oŸ wave 
propagation at a given Iinstant of time. 


E 


#——À——> 


Q.1: How many wavelengths long ¡s the curve mm Eig. 10-32 


1s the distance covered in one oscillation (À) thnes the num- 
ber of oscillations per second (the frequency ƒ). Thus 


À/ = distance covered Im 1 sec 
But the distance covered mm 1 sec ïs the wave velocity 0. Thus 
Àƒ = 0 (the wave velocIty) (10-1) 
For electromagnetic waves 
À(=c (10-2) 
Exampte 2 

In the United States the FM band is centered around a frequency 
of 100 megacycles. What will be the length of an FM antemna If each 


arm must be a quarter wavelength? 
According to Eq. 10-2 


g3 < 1U) 


AC 7=" ăn lon 
ƒ_ 100x108 

"... 

4 


“Thus each arm should be 75 em or about 30m. long. 


The period of oscillation 7 1s simply related to the fre- 
quenecy ƒ by the relation 


] 
f=+ 


"This is easily seen by writing down the number of oscillations 
Nina tìme í: NÑ = (/7. Hence the number of oscillatilons per 
unit time 1s Ý/£ = 1/7 which happens to be our defnition of 
frequeney. [t has units of sec~!, We use the abbreviations cps 
for cycles per sec and Mc for megacyecle (108 cycles per sec). 
A newer abbreviation is Hz for Hertz which also stands for 
cycÌes per sec. 


10-2 The Electromagnetic Spectrum 
All bmds oƒ light 


Electromagnetic waves in principle could have any Íre- 
queney from zero to Infnity. The classification ofelectromag- 
netic waves according to frequency 1s called the electro- 
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Fig. 10-4. The electromagnetic spectrum. 
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magnetic spectrum, which 1s shown ¡in Fig. 10-4. Low 
frequency electromagnetic waves of several cycÌes per second 
have no practical application and are not generated inten- 
tionally. However, there is no way to prevent electric power 
lines from radiating electromagnetic waves of the a-c fÍre- 
quency (usually 60 cps). Such radiation is regarded as power 
loss, but it 1s very small compared to the 72 # loss due to the 
resIstance of the power lines. Electromagnetic waves with 
frequencies above several thousand cycles per second are 
classifed as radio waves. The broadcast band of radio waves 
1s 1n the one megacycle region. The VHF (very high fre- 
quency) television band starts at about 50 megacycles. Then 
comes the UHEF (ultra high frequency) band followed by 
SHF (super high frequency) and EHEF (extremely high fre- 
quency) bands. In England there is a VHEI (very high fre- 
quency Indeed) band. The highest frequency waves gen- 
erated by electronic oscillators are called microwaves. The 
corresponding wavelengths are only a few centimeters or 
even mmillimeters long. 

Even higher frequency electromagnetic waves can be gen- 
erated by molecular and atomic oscillations. For example, if 
hydrogen gas 1s heated to a sufficiently high temperature, the 
two atoms 1n a hydrogen molecule will essentially vibrate 
back and forth in simple harmonic motion and emit electro- 
magnetic radiatlon of this same frequency as discussed ïn 
Example 6 of Chapter 3. The frequency of osclllation is 
ƒ= 4.9 x 1013 cps. According to the electromagnetic spec- 
trum o£ Flg. 10-4, radiation of this frequency 1s classified as 
infrared. Electromagnetic radiation in the frequency range 
of 4.3 x 101 eps to 7 x 1014 eps can be detected by eye and 
1s called visible light. The lowest frequency appears red and 
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Waue ueÌoctfy on a sirmg 


Eig. 10-5. Crest of wave on a string. (ơ) View by observer 
moving along string with same veloclty as that of the wave. 
(b) Net force on length of string shown 1n (đ). 


String of mass øÏ 
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Q.2: In EFig. 10-5(b), is F = Tạ — T¡? 


the highest frequency appears violet. Frequencles higher 
than 7 x 1011 cps are not visible and are cÌassified as ultra- 
violet radiation up to 5 x 1017 eps. Erequencles from this 
value to about 1019 cps are classified as x-rays. Electromag- 
netic radiation of even higher frequency 1s called gamma 
radiation. The highest energy gamma rays ever observed 
have been seen in the cosmic rays (see Chapter 15). The 
production of x-rays and gamma rays Is discussed in 
Chapters 12, 13, and 1ã. 


10-3 Interference 


NegaHue meefs posifiue 


Since wave motion along a taut string 1s easier to visuallze 
than an invisible electromagnetic wave, we shall first study 
general properties of waves propagating along a string. The 
velocIty ofa wave along a string depends onÌy on the force or 
tension 7'on the string, and p, the mass of the string per unit 
length. The formula for the wave velocIty 1s 


b - (10-8) 
p 


In the CGS system 7 is m dynes and ø 1s In gm/em. This 
formula is easiest to derive in a reference system that 1s 
moving along with the wave. 'To such an observer the wave 
will appear stationary and the string will be moving in the 
reverse direction with velocity 0. According to such an ob- 
server the crest of a wave wiÌÌ appear as shown ím Fig. 10-5. 
The portion of the string of length ¿ will be moving to the 
left around a curve of radius # with the wave velocity 0. The 
net force on this length of string is obtained by adding the 
vectors T¡ and Ts as shown ïn Fig. 10-5. According to New- 
ton's second law 


F'— Ma 


where Ä⁄ = pỉ is the mass of this length of string. The 
acceleration ø of this mass 1s the centripetal acceleration 
œ = U?/R. Thus 


jm.. (10-4) 
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Ans. 2: No. F = T\ị + T›. 


Note that for small j the force triangle In Fig. 10-55 is 
similar to the triangle1n Fig. 10-5øz. Hence 


OF 


Now substitute thịís mto the left-hand side of Eq. 10-4 to 
obtain 


Ỉ C l)DC 
(§7)='$§ 


T— oUˆ 


)= 
0 


which is what we set out to prove. 

Tf one end of the string 1s given a quick snap to the side 
(like cracking a whip), a single pulse wïill run down the string 
with veloclty 0. Suppose at the same time someone elÌse gen- 
erated a pulse at the other end of the string. What will 
happen when these two pulses meet in the center? The two 
pulses wïll eross through each other and continue to proceed 
im thelr own directions as shown 1n Figs. 10-6 and 10-7. 'Phis 
immdependence of traveling waves 1s a consequence of the 
principle of superposition. According to thịs prineiple, the 
resultant wave amplitude ïs the sum of the amplitudes of the 
separate waves. The princIple of superposition of waves 1s 
merely a consequence of the fact that resultant displace- 
ments, accelerations, and forces are the sum of the separate 
displacements, accelerations, and forces. The prineciple of 
superposition mustEk also apply to electromagnetic waves 
since the resultant electric and magnetic fields are the sum of 
the separate fields. We seein Figs. 10-7ø and 10-7 that 1f the | 
waves have opposite siøns, they tend to cancel each other out 
when they cross. Not only pulses but continuous sine waves 
can be made to canecel. Figure 10-8 shows a tỉme sequenee of 
two sine waves starting from opposite ends of the string 
crossing over each other. Note that after the two waves have 
crossed and are overlapping there ¡s a standing wave pattern 


and 
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,) (b) 


Eig. 10-6. 'TWwo pulses of the same polarity erossing over each other on a string. In the interfer- 
ence reglon the wave moving to the left is drawn as a dotted line and the wave moving to the 


".. 6. right as a dashed line. (b) Photograph of two such pulses erossing through each other using 
a toy “shnky.”' (Courtesy Physical Sclence Študy Cormnmittee.) 


) =. () 


Eig. 10-7. TWwo pulses of opposite polarity crossing over each other on a string. In the Interfer- 
ence region (3rd view) they tend to cancel each other out. (ð) A photograph of two pulses of 
opposite polarity crossing each other on a toy “slinky.” (Courtesy Physical Science Study 
Commnttee.) 
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Fig. 10-8. Time sequence of two sine waves starting from 
opposite ends of a string. IÝ there had been only the sine wave 
moving to the left, the string would follow the red curve. 
Points A and € remain stationary after the sine waves cross 
and are called nodes. Note that points 4 and C are À/2 apart. 


Fig. 10-9. Four possible standing waves on a string of length 
L fixed at both ends. The heavy lines indicate the position of 
the string when at its maximum displacement. The shaded 
areas show the regions covered by the motion of the string. 
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of loops and nodes on the strimng. Poimnts A4 and €, called 
nodes, always remain stationary. Point ZØ, called a loop or 
antinode, oscillates up and down with maximum amplitude. 
Note that the distance between successive nodes or succes- 
sive Ìoops 1s a half-wavelength. 

Ifa taut string fastened at both ends is vibrated, standing 
waves such as those shown in Figs. 10-9 and 10-10 will be 
generated. The initial waves put on the string are reflected 
from 'both ends. The reflected waves will be of reverse 
polarity, thus meeting the condition that nodes be at the two 
ends. 


Exampie 3 

Does increasing the tension of the string ïn Eig. 10-10 increase or 
decrease the number of nodes? 

According to Eq. 10-3, it increases the quantity 0 in the relation 
À = u/# Hence the wavelength increases and the number of nodes 
decreases. 


Exampie 4 

A guitar string is 30 em long and has a mass of 100 gm. What value 
of tension must be put on the string in order to tune it to middle C 
(262 cps)? 

According to Bq. 10-3 the tension 1s given by 


7= 1Ế2 (10-5) 


where ø is 100 gm/30 em or ø = 3.33 gm/cm. W© can fnd 0 from the 
relatlon 0 = Àƒ. According to Fig. 10-9, in the fundamental mode of 
osclllatlon À/2 = orÀ = 60 em. Thus 


U = 60cm x 262 cps = 1.572 x 10!cm/sec 
Substituting this Into Ba. 10-5 g1ves 
T7 = 3.33(1.572 x 10%)? dynes 

= 8.25 x 108 dynes 


Thị is a rather large force to be supported by such a light strmg. 
For this reason strings of musical mstruments are usually made of 
strong metallic alloys. 


Eig. 10-10. Photograph of standing waves on a vibrating 
string. In which view is the string under highest tension? 
Physical Selence Study Committee.) 
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Eig. 10-11. Microwave oscillator emits electromagnetic 
waves to the right which are reflected back on themselves. 
Nodes are observed at ¡ and ?;. 
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Wind instruments utilize an enclosed or partially enelosed 
column of air. Standing waves are induced m the confned 
volume of air by introducing a pressure đisturbance (usually 
by blowing). In the simple case of a closed box of length L the 
same standing waves as those shown In Fig. 10-9 can be n- 
duced. Here the curves of Fig. 10-9 represent the displace- 
ment of air molecules rather than particles of a string. The 
general condition for a standing wave 1s that an mtegral 
number of half-wavelengths be contained ïn the distance L;: 


N (9) = L_ (condition on À for a standing wave) (10-6) 


where ÄÑ 1s any Integer greater than 0. 


Exampie ð 
The microwave oscillator in Fig. 10-11 emits plane electromag- 
netic waves to the right which are refected back to the left. P and 
Ð; are the positions of two successive Intensity minima and are ð em 
apart. What is the frequency of the microwave oscillator? 
Since any two successive nodes are a half-wavelength apart, 
À = 10cm. The frequency 1s øgIven by 
2c 6 2202 


J= 10 


= 3 % 109 cps = 3000 megacycles 
Su7ƒqc€ L0qU€©S 

Interference effects can occur on two-dimensional media 
as welÌ as on a one-dimensional string. A common example of 
two-dimensional wave motion is that on the surface of water. 
In Fig. 10-12, water waves generated by two sources whose 
vibrations are synchron1zed cross over each other forming a 
typical interference pattern. Note that the wave amplitude 
is zero along fxed curves called the lines of nodes. As with 
waves on a string, nodes will occur at positions where the 
positive crest of one wave meets the negative crest (or 
trough) of the other wave. Clearly, this condition is fulflled 
IÝ the path difference from the two sources to a given point 
is a half-wavelength. If two sine waves are displaced by a 
half-wavelength, their sum will be zero as seen 1llustrated in 


Fig. 10-12. Interference pattern of water waves generated by 
two synchronized vibrators tapping the water surface. (Cour- 
tesy Physical Science Study Committee.) 
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Eig. 10-13. TWo sine waves displaced by a half wavelength. 
At any value of x m the region of overlap, the sum of the two 
amplitudes wIll be zero. 


= 


Eig. 10-14. Drawing of Ìines of nodes appearing In Eïg. 10-12. 
Point in this fñgure has a path diference (Dị — D;) = ẳÀ. 


Eig. 10-15. What ¡s the condition for a node at point P? 
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Fig. 10-13. If the path difference is WÀ where N is any 
integer, the two waves wIÏl]l reinforce each other and there will 
be an mtensity maximum, or what 1s called a constructive 
imnterference. The lines of nodes of the water waves of 
Flg. 10-12 are drawn In Fïig. 10-14. The general condition for 
an intensity maximum 1s 


Dị — Dạ — NÀ. (condition for maximum) (10-7) 
and the general conditlon for a minimum or line of nodes is 


Dị — Dạ =(N + })À (condition for minimum) (10-8) 


Example 6 
A person 1s at equal distances from two speakers of a stero hi-fñ 
system and is listening to a pure musical note. He moves sideways 
until he hears the note fade out to a minimum. At thïs position he ïs 
10 ft from the left speaker and 8 ft from the right speaker. What is 
the frequenecy of the note? "The speed of sound is 1100 ft/sec. 
According to Eq. 10-8 we have for the first minimum 


J0 DÀ C 


where (D¡ — D;) 1s 2 ft. Thus À = 4 ft. The írequeney 1s obtained 
using Eq. 10-1: 


ƒ *= bx cps 
ƒ= 275 cps 


Kxample 7 

In Elg. 10-15 what is the condition for an mtensity minimum at 
pomt P? 

Now the total path diference from the source 1s not (D¡ — ?;), 
but the entrre path (Đ; + Ö¡) minus the other path (DĐ; + ?;). Thĩs 
entrre path difference must be ( + ‡)À or 


Đã + Dị T— Dị — D¿ = (N + })À 


10-4  Double-Slit Interference 
Proof oƒ the tuaue nature oƒ hght 


In the year 1800, the prevalent theory of light was a par- 
ticle theory of light that had been developed by Isaac New- 
ton. Thomas Young was one of the few selentists of the time 
bold enough to challenge the teachings of Newton. Young 
felt that light, like sound, must consist of waves. He reasoned 
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Fig. 10-16. Greatly enlarged view of Young's double slit ex- 
periment. The slit separation ở is usually less than a milli- 
meter. The distance to the screen would be many times the 
width of this page. 
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that 1ƒ he were correct, he should be able to produee an inter- 
ference pattern similar to the water wave pattern of Fig. 
10-12. For his double source, Young used two fñne slits 
Illuminated by a single source. In 1803 he first obtained a 
serles Of Interference fringes on a screen. However, accord- 
¡ng to the particle theory of light, only images of the slits on 
the screen should have been seen. Young”s famous experi- 
ment 1s represented schematically in Fig. 10-16. The inter- 
ference fringes one observes are shown in Fig. 10-17. 

The centers of the fringes are intensity maxima corre- 
sponding to path diferences (Dị — D;) = MÀ. This path 
difference 1s the side labeled A7 of the small right triangle 
In Fig. 10-16. The condition for an intensity maximum is 


AD _ NÀ 
@ gj 


According to the defñnition of the sine of an angle, the left- 
hand side of the above equation is the sine of Ø in the small 
right triangle. Thus the condition on Ø for an interference 


Inaximum is 
: NÀ 
0= 10-9 
sin 3 (10-9) 


Exơampie 8 

Sodium (or even table salt) when heated emits yellow light of 
wavelength À = 5.89 x 105 em. Suppose this sodium light is made 
to pass through two narrow sÌits that are 0.1 mm apart. lf a sereen 
is 1 m behind the slits, as shown in Fig. 10-18, what will be the 
spacing between fringes in the screen? 

The distance ø between fringes will be the distance from the cen- 
traÌ maximum to the first or V = 1 maximum. According to Eq. 10-9 
the Ý = 1 maximum is at an angle given by 


À _ 5.89 x 10-5 
øi — đlj $s 1W] 


According to Fig. 10-18, 


sm Ø = =8 2#) 3< 1= 


mì 
s1 D) 


Thus 
1 : 
—= 5.89 10-3 
D x 


and 
a = 0.589 cm 
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<4 Fig. 10-17. Young's double-slit interference pattern. This is 
the intensity pattern that would be obtained by placing a 
photographtc fñlm at the screen position of Fïg. 10-16. Succes- 
sive views correspond to đecrease In slit separation ở. (Cour- 
tesy Physlcal Science Study Committee.) 


Eig. 10-18. I)ouble-slit intensity pattern on screen 1 m from 
double sl]it. Intensity 1s plotted to the right of screen. 
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"The intensity of a wave is defned to be the energy per unIt 
volume of the wave. As we shall see in the next paragraph, 
this is proportional to the square of the wave amplitude. The 
double slit pattern of light znfensi#y at a g1ven Instant of time 
1s shown in Fig. 10-19. The waves of light are fowïng to the 
right. ConsequentÌy, the zuerage light intensity as a function 
of position appears as in Fig. 10-20. 

We shall now demonstrate that the intensity or energy of 
a wave is proportional to the square of the wave amplitude. 
First let us consider a wave of maximum amplitude +ọ travel- 
ing along a string. If the period of the wave is 7, any element 
of mass A7 of the string will be oscillating transverse to the 
string in simple harmonic motion with maximum amplitude 
yọ. According to Bq. 3-10 the acceleration of the mass Ä7w is 
œ = (47?/T'?)y. The force on An is then  = (4z2Am/T?)y 
and according to the discussion on page 106, the energy of Âm 
ÍS 1 Ftnax * yọ Of (272Am/T?)yo?. We see that the wave inten- 
sity is proportional to yo?, the square o£ the amplitude. 

Now we shall demonstrate that the energy of an electro- 
magnetic wave is proportional to the square of the amplitude 
E, the electrie fñeld strength. The energy in the wave wIll be 
proportional to the energy dissipated in a pickup wire or 
antenna of length ¿. The energy per unit time dissipated In 
the antenna is the electrical power or V?/, where # is the 
resistance of the wire. The potential V across the wire Is 
times the distance /. Hence the wave Intensity 1s prOpOT- 
tional to (E!)2/R or to ?. 


10-5 The Diffraction Grating 


Three or more shts are better than fiuo 


A difraction grating can be considered as a series of double 
sÏits repeated one after the other. Eigure 10-21 represents a 
difraction grating with a slit spacing of ở cm. First let us 
consider monchromatic light of wavelength À striking the 
grating. In Fig. 10-21ö when the path diference œi = À, 
then ơa = 2NÀ, ơa = 3NÀ, etc. Under this condition the 
waves from all the slits wïill reinforce each other and give an 
intensity maximum. The condition for intensity maxinum 1s 
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^Á EFig. 10-19. Light intensity on both sides of double slit at a 
given instant o£ time. Waves and interference pattern are 
propagating to the right. 


4 Fig. 10-20. "The double slit intensity pattern averaged over 
time. Thịs is exactly the same as Fig. 10-19 except it 1s viewed 
over a time interval that ¡is long compared to the period of 
oscillation. 


Q.3: Does Eq. 10-10 apply to double-slit interference as well? 


then 
&c_ NÀ 
7N: 
sF 
sỉn ổ = 32 (10-10) 


Atany other angle each successive wave will be out of step 
from the preceding wave, and the resultant efect will be an 
almost complete cancellation. 

We see from q. 10-10 that each value ofÀ has Its own par- 
ticular direction Ø. For blue light sim Ø will be about half as 
large as for red light. LÝ we shine a beam of white light on the 
grating, we will obtain a continuous spectrum on the screen. 
As we shall see m Chapter 13, when excited (by an electric 
arc or heat), atoms will radiate light In only certain par- 
ticular wavelengths. Each kind of atom or element has its 
own characteristic list of wavelengths or spectrum. 


Example 9 

By far the most Intense line In the sodium spectrum ¡s the sodium 
D line. The corresponding wavelength is À = 5890 Â (angstroms). 
One angstrom ¡s defñned to be 10-3 em. In the frst order (V = 1) 
spectrum of sodium, at what angle will the sodium D line appear 
using a difraction grating of 101 lines/em? 

If there are 101 lines/cm, the spacing between lines is Z = 10~‡em. 
Inserting this value 1nto Eq. 10-10 g1ves 
TC j 

10-1 

Using a trig table or a slide rule, we see that an angle of 36° has a 
sine value of 0.589. Hence the sodium ID line will appear at an angle 
o£36° from the normal to the grating. 


“The grating spectrograph 1s of eourse a powerful tool In the 
study of structure of materials and chemical analysis. DIf- 
fractlon gratings can be constructed by rulïng fne lines onto 
a gÌass surface using a speclal preclsion machine called a 
ruling engine. 
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Fig. 10-21. (øz) Beam of white light separated into a contin- 
uous spectrum by a diffraction grating. (b) Greatly enlarged 
view showing part of the grating. 
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Ans. 3; Yes. See Hq. 10-9. However in single-slit difraction 
thịĩs ¡is the condition for an intensity minimum (see Prob. 26). 


10-6 Geometrical 0ptics 


The mathemafics oƒ rays 


The wavelength of light 1s so small compared to most 
optical instruments that mterference effects usually do not 
show up. Á wave train or sequence of light waves progresses 
forward m a straight line. Any such straight line indicating 
the direction of motion of light waves is called a light ray. 
As we shall see, light rays obey the law of reflection (from 
mirrors) and the law oÝ refraction (for transparent media 
such as lenses). An entire mathematics or geometry can be 
developed using these two laws along with the usual rules of 
Euclidlan geometry. This mathematics of rays, a subject in 
1tself, 1s called geometrical optics. Since the onÌy new physics 
prineiples Involved here are the laws of reflection and refrac- 
tion, we shall concentrate on these two laws and treat the 
rest of the subJect rather lightly. 


Latu 0ƒ refleclion 

The law of reflectlon states that when a lght ray strikes 
a reflecting surface, the angle of incidence equals the angle 
of refdection. 'Thịs law 1s 1llustrated by the use of water waves 
in Fig. 10-22. Note that the reflected wave must leave the 
reflecting surface at the same angle as the Inecident wave. As 
an application of the law of refection we shall show how a 
concave mirror behaves as a focusing lens. It is well known 
that a simple lens or magnIfying glass will focus parallel rays 
to a common pomt called the focus. “This 1s also true of a con- 
cave mirror. For example, a concave shaving mirror can be 
used to burn a hole In a plece of paper by pointing It toward 
the sun and holding the paper at the focus. As shown in 
Eig. 10-28, the focal distance will be one-half the radIus of 
curvature of the mirror. In this figure an arbitrary ray 4P1s 
selected out of a bundle of parallel rays. Let Ø be the angle 
between this ray and the normail (CP) to the mirror. Note 
that CP 1s the radius oŸ curvature of the mirror. According 
to the law of reflection, angle AC must equal angle ĐC 
and the triangle PC must then be Isoseeles. Hence the two 


*'This section may be omitted without Ìoss of continuity. 
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Eig. 10-22. Illustration of the law of refection using water 
waves. (Photograph courtesy Physical Science Study Com- 
mittee.) 


sides C#'and #P are equal and each is very close to half the 
đistance from € to ”P, or radius of curvature. 

Figure 10-24 shows how to obtain the image of an ob]ject 
(an arrow) graphically 1f the focal position # "1s known. Draw 
ray (1) from the arrowhead parallel to the axis of the mirror. 
Đraw ray (2) from the arrowhead to the center of the mirror. 
Where the two rays intersect 1s the Image point of the arrow- 
head. All other rays from the arrowhead will also pass (or 
almost pass) through this same Image point. A concave 
mirror can be used to form the mmage of a distance object. 
The Image can be further magnified with a magnifying gÌlass 
or eyeplece. Ïn astronomical telescopes, photographic pÌates 
are placed directly at the focus of a large concave mirror. 
This common type of astronomical telescope, which was 
developed by Isaac Newton, is called a reflecting telescope. 


Refraction 

The ray diagram for a converging lens or magnifying gÌass 
1s almost the same. A converging lens has the property of 
bending parallel rays so that they are focused at a focaÌl poïnt 
+. In Eig. 10-25 the Image position can be located graphi- 
cally.* First draw ray (1) parallel to the horizontal axis. Ït is 
then bent by the lens and passes through the focus #' Then 
draw ray (2) passing directly through the center of the lens. 
Where the two rays cross 1s the Image point. Again the image 
could be examined with an eyeplece and we would have what 
1s called a refracting telescope. Conversely, a small object 
could be placed at the Image position shown in Fig. 10-25 and 
1{s Image would fall on top of the original arrow. This en- 
larged image could be examined with an eyeplece and we 
would have what 1s called a microscope. 


Example 10 

A projJection microscope consists of a frosted gÌass screen 1 m be- 
himd a microscope obJective of 1 mm focal length. What is the mag- 
nification factor? 

The magnification factor 1s the ratio 1B8/DE m Eïg. 10-25. Be- 
cause triangles A8€ and #DC are similar this ratio is the same as 
the Immage distance ØC divided by the object distance 2Œ. The ob- 


*See Appendix 10-1 for an algebraic method on how to locate image 
pOSIflons. 
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EFig. 10-23. Parallel rays of light striking a eoncave mirror 
of radIlus ŒP. 
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Fig. 10-24. lImage formation by a concave mirror. The 
rays (1) and (2) show how to obtam the image position 
graphically. 


Eig. 10-25. Image formation by a converging lens. 
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Ject distance ĐC wIll be very close to the I mm focal length. 'Thus 


AB _ 100cm 


=_ = 1000 
DE 0.1em 


1s the magnification factor. 


Snells lau 

The last point to be discussed here is why light rays are 
bent or refracted when they cross Írom aïr to gÌass and vice 
versa. We shall see that this 1s a direct consequence of the 
wave nature of light, provided that the speed of light in gÌass 
1s less than that In air. At frst thought this seems to violate 
Maxwells proof that electromagnetic waves must travel 
with velocity 0 = c. However, If the velocity of a light wave 
in gÌass Is measured, we obtain the experimental result 
U = 0.66c. This paradox 1s resolved by noting that the 
measured wave 1s actually the sum of an almost infnite num- 
ber of separate waves, each propagating with velocity 0 = e 
as requlred by the Maxwel] theory. Bach atomic electron In 
the glass 1s a separate wave source just as each line In a dif- 
fraction grating is a separate source. There is an oscillating 
force on each atomlc electron due to the electric ñeld of the 
Incoming wave. Because of Its Inertia, the oscillatlon of each 
electron wIll lag behind the oscillation of the incoming elec- 
tromagnetic wave. sing Iintegral calculus, one can add the 
electric felds radiated by the lagging electrons to the electric 
feld of the incoming wave. As might be expected, the answer 
1s a resultant oscillating electric field propagating with a 
velocity which lags behind the speed of light. For gÌass, the 
resultant electromagnetic field propagates with velocity 
U = 0.66c. The ratlo of e đivided by the speed of light in glass 
1s defned as n, the index of refraction of gÌass: 


"= 
U 


Now we can use Fig. 10-26 to see why the directlon of wave 
propagation is altered at a glass-air mterface. The fgure 
shows a portion oftwo successive waves AB and A“B.. 

Let À“ be the reduced wavelength mm the gÌass. 


and À=<© 


N có (10-11) 
ƒ 


j 
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Eig. 10-26. TWwo successive wavefronts crossing a gÌass-alr 
interface. 
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In the right triangle A87, 


sin ổ) =.. 


In the right triangle A'AĐ, 


: ` 
sin Øạ = ti 
Dividing the two above equations by each other gives 


sinổia _ À_ 
snØaạ À“/ 


Now substitute the values for À and À/ given by E4q. 10-11: 


sin 6 _—_ 5 
sinØs 0 
Or 
sin LÊI 
Ẹ =ử: 
sin Øs 


From this basic equation, which 1s also called Snell's Law or 
the law of refraction, the optical properties of lenses can be 
caleculated. 


We would like to derive an algebraie relation between objeet dis- 
tance s and image distance s“ as shown in Fig. 10-27. TYiangle ABO1s 
simllar to triangle A'#Ó. EFrom these two similar triangles, the ratio 


VÀ HP s. 
S==.=— 10-12 
AB § ( ) 


Triangle PO#' is similar to triangle AB 'F' and the ratio 
AH s_—ƒ 


"BØ = 7 (10-13) 


Đince PO = AỠ, the right-hand sides of ñqs. 10-12 and 10-13 are 
equal. Equating these two right-hand sides gives 


S°_ S-Íƒ 
ƒ 
0F 
In lN 
7m 


Thịs relatlonship between image and object distance is referred 
to as the thim lens formula. “There is a sign convention to tell whether 
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Eig. 10-27. Object 4A 1s distanee s from lens of foeal length ƒ. 


The Image 4B 1s at distance s”. 
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8; 8, OF ƒ1S posltlve or negative. According to this convention, the 
problem under study must be oriented so that the light passes 
through the lens from left to right. Then s will be positive If the 
Image 1s to the right of the lens, and negative if to the left of the lens. 
The quantity ƒ is negative If the lens is a diverging lens. If the rays 
passing through the lens are converging on a virtual object (it could 
be the Image produced by a preceding lens to the left), then s wIll be 
negative. 


1. Ínany periodic wave motion what is the distance n wavelengths 
between two successive positlons of zero amplitude? 


2. A 150 cm string contaIms a standing wave as shown. 
(a) What 1s the total number oŸ nodes? 
(B) How many wavelengths long is the string? 
(c) If waves travel with  = 20 m/see on this string, what 1s the 
frequency of oselllation? 

3. A lipht beam passes from a liquid X imnto glass Ÿ and back Into 
liquid X agaim. Which medium, X or Y, has the greater wave velocity 
for light? 

4. In an electromagnetic wave what is the distance between two 
successive intensity maxina? 

5. The unit 1 A (one angstrom) is defned as 108 cm. What are the 
wavelength limits of visible Iight 1n terms of angstroms? 

6. Sketch a standing wave made up of four nodes and three anti- 
nodes at a time when the antinodes are at maxinum đisplacement. 
Sketch the picture both ‡ and ‡ a period later. Under each of the 
three sketches plot the Intensity of the wave. Ôn one of the six dia- 
grams indicate the wavelength of the wave. 


7. Does a moving charge always radiate electromagnetic waves? 
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"GA. 17... ..... 


Wave front 


Prob. 12 


Prob. 17 


Wave front 


8. TWo musical notes are an octave apart if their frequencies are 
in the ratio 2:1. If middle € is 262 cps and high € is two octaves 
higher, what is the frequeney of high C? 


9. The lowest and highest frequencies detectable by the human 
ear are about 20 cps and 15,000 cps, respectively. What are the 
corresponding wavelengths in air? 


10. Consider a single sinewave of wavelength À traveling along a 
string with veloeity 0. (There is no reflected wave.) How many tỉmes 
per second wil] the ewfire string have zero đisplacement? 


11. Tf the two pulses of Flig. 10-7 had been exactly the same size, they 
would exactly cancel each other out in the third view (the string 
would be a straight horizontal line). Would the puÌses stay canceled 
out? Explain. 


12. S¡ and S5; are two ripple tank probes having the same frequeney 
of vibration; however, Š¡ always hits the water ‡ of the period earlier 
than Sa. 
(a) What 1s the condition for an interference maximum at Ð? 
(b) What ¡1s the condition for an Interference minimum at P? 


13. The wave velocity of a strig ñxed at both ends is 2 m/sec. The 
String contaims standing waves with nodes 3.0 em apart. 
(a) What is the frequeney of vibration? 
(b) How many tỉmes per second 1s the string in a straight line 
containing no visible waves? 


14. “The second and third order visible spectra of a diffraction grating 
will partially overlap. What W = 3 wavelength will appear at the 
À = 7000 A position of the W = 2 spectrum? 
18ft 
Sì S2 5 
S¡ and 6; are two sinewave sources of sound. If they are in phase 
and 8 feet apart; 
(a) List 3 diferent wavelengths which wïill give a constructive 
1nterference at point Ð. 
(b) List 3 diferent wavelengths that will give a destructive 
1nterference at Ð. 
(c)_ What is the lowest frequency in cycles per second which wil] 


ø1ve a destructive Interference at P? The veloeity of sound is 
1100 ft/sec. 


16. TÝ the two water wave sources of Fig. 10-12 are vibrating 180° 
out of phase (source 1 moves up when source 2 moves down), what 
are the conditions on (¡ — Ð;) for the lines of nodes? 


lỗ. e<——8Ít—— e 


17. Parallel light strikes a điffraction grating at an angle as shown. 
The difracted beam leaves as shown. Assume 101 rulings per em. 
(a)  What 1s the path difference between rayvs (1) and (2) in terms 
of Â¡ and 1z? 
(b) What 1s the path diference between rays (1) and (3)? 
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Prob. 18 


⁄⁄⁄⁄⁄4 
⁄ 


⁄ Reflecting surface .⁄⁄⁄⁄⁄ 
⁄⁄⁄⁄ 722/4 ⁄⁄ 


Dị 


ĐỊD5 


Prob. 20 


Object 


Mirror 


Prob. 21 


(c) What 1s the condition on Â¡ and A4; for observing the nth 
maximum of wavelength À? 


18. In the accompanying fñgure, what are the conditions on 
(Đị — ÐĐ›) for an immterference maxưnum and for an interference 
minimum to occur at point P? 


19. In Problem 18, suppose the wave is refected with a change Im 
sign (180° change n phase). Now what is the condition for an m- 
tensity minimum? 
20. The obJect 1s located between the focus and the center of curva- 
ture ofa concave mirror. 

(a)  Locate the Image position by drawing at least two rays. 

(b) WilI the image be inverted? 

(c) Wnl the Image be larger than the object? 


21. The above converging lens is located at the orligin. Its focal 
length 1s 5 cm. In each of the following cases state whether the 
Image 1s: between A and Ö, at Ö, between Ö and Œ, at C, between € 
and infñnity, at inñnity, or virtual (to the left of the lens). 

(a) The object is at x = —5 cm. 

(b) Object is between 0 and — 5 em. 

(c) Object1s between —5 and — 10 em. 

(d) Object is at — 10 em. 

(e) Object 1s to the left of — 10 em. 


Prob. 25 


22. A poimt source of light is placed at the center of curvature ofa 
mirror. Where will the Immage be? (The chapter opening ïllustrates 
a corresponding situation.) 


23. A point source of light 1s placed at the focus. Where will the 
Image be? 
24. The distance of an object from a concave mirror is less than the 
focal length. If you looked in the mirror, would you see an image. TÝ 
so, would it look larger or smaller than the original object? Would 
the image be Inverted? ( Hint: where 1s the focus ofa concave shaving 
mirror?) 
25. Consider a difraction grating where the incident light oŸ wave- 
length À is not at right angles, but at an angle Ø¡ as shown. 
(a)  What ïs the condition for an intensity maximum in terms öoŸ 
the path diferenees Â¡ and Az? 
(b) What 1s the condition for a maxiưnum ïn terms of Øy, ổa, À, 
and ở? 
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front 


Prob. 29 


26. Light of wavelength À strikes a single slit of width ở. Let Ø be 
the angle where the light path from the center of the slit is a half 
wavelength longer than the path from the edge of the slit. What is 
sm Ø for this condition? (At this angle an intensity mininum will be 
observed. 'This effect is called single slit difraction.) 


27. A light ray crosses an oil-glass interface. If the velocity of light 
1s 0y 1n the oïl and ø¿ im the gÌass, what 1s sin Ø¡/sin ổs in terms of 0¡ 
and 0z? 


28. Light of wavelength À = ð x 10~5 em ¡s diffracted by a grating 
ö£ 2000 lines “em. The sereen is 3 m from the grating. What is the 
distance on the screen between the zeroth and the ñrst order image? 


29. A light ray enters a (lat slab of glass at an angle of 60° from the 
normal. IÝn = 1.5, at what angle does the ray leave the slab on the 
other side? “Phe [aces of the slab are parallel. 
30. Consider a rellection diffraetion grating (lines ruled on a mirror). 
The incoming beaim 1s perpendicular to the grating. Consider the 
outgoing direction Ø. 

(a)  What is the path differenee 1n terms of Ø and ở? 

(b) What must be the condition on Ø for an intensity maximum? 
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Uhapef 


RelatIvity 


Eig. 11-1. Pomt charge Q ata distance ?#? from a charged wire 
of p statcouls/em. 


Flg. 11-2. EFigure 11-1 as seen by an observer moving with 
velocity ø1n the up directTion. 


| 
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II-I The Principle of Relativity 


Veloctky is reladfiUe 


Galileo proposed as a general symmetry principle that 
the laws of physilcs should be the same to any observer 
moving with constant velocity no matter what the magni- 
tude and direction of the velocity. In other words, there must 
be no preferred reference system or no way to determine ab- 
solute velocity. Phis general symmetry 1s called the principle 
of relativity. Of course, Galileo and Newton made sure that 
theIr laws of classical mechanics would obey the prineiple of 
relatIvity. 

However, unless some changes are made in the physics we 
have presented thus far, the laws of electrlcity violate the 
principle of relativity. An observer at “rest” and one m 
motion will get two different theoretlcal predictions for the 
very same experiment. 'To Illustrate this, we shalÌ eonsider 
the simple example of a point charge @ at a distance # from 
a charged wire of ø statcoulombs per centimeter as shown ïn 
Eig. 11-1. The force on Q 1s = Q where Ÿ = 2p/Ñ 1s 
g1ven by lq. 7-10. Thus 


2Qp 

B= ¬ (11-1) 
for a statlonary observer. Now consider a second observer 
who happens to be moving parallel to the wire wïth veloc1ty 0 
as shown In Fig. 11-2. In addition to the above electrostatic 
force, this observer would aÌso measure a magnetic force. He 
sees an electrlc current Ï = øu moving along the wire and the 
charge Q also moving parallel to the wire with velocity 0. 
According to Bq. 8-10 the magnetic force on charge @ 1s 
l„ = Qu/c x B. The magnetic feld 8 produced by a smngle 
straight-line current 1s 8 = 2p0/c.. Thus 
Am. `. ... 

: e ch R cœ 
1s the magnetie force. This attractive magnetic force must be 
added to the repulsive eleetrostatic force. Thus the moving 
observer calculates that the resultant foree should be 


._ 2Qb _ 2o t2 
— c2 


?04 


Q.1: What is the direction of the force #'ïn Eq. 11-2? 


OF 
Fr=“rÍ ¬ (11-2) 


for an observer moving with veloeity . Numerlcally this 1s 
smaller by the factor (1 — 0?/c?) than the result (lq. 11-1) 
obtained by the stationary observer. Thus It is clear that the 
laws of electricity give different results m different reference 
systems. However, according to the Galilean principle of 
relativity and classical mechanics, the force or acceleratlon 
of Q should be independent of the velocity of the observer. 

Clearly, Galileo's principle of relativity which works for 
classical mechanies 1s Inconsistent with Maxwells equatlons. 
To resolve this contradiction, either the prineIple of rela- 
tivity, or Maxwell*s equations, or cÌassical mechanics must 
be revised. We shall now consider the following three 
alternatives: 


1. The principle of reÌativity exists for mechanics but not 
for electrodynamics. The laws of electricity hold im onÌy one 
preferred reference system. Only m this system does light 
travel wIth velocIty 0 = c. 

2. The principle of relativity exists for both mechanics 
and electrodynamics, but the laws of electriclty are not cor- 
rect as formulated in Chapters 7 and 8. The laws of elec- 
tricity can be modified In a consistent way to gIve the result 
that light always travels at veloclty c with respect to 1ts 
source. Such a modlification of the Maxwell equations 1s 
called the emisslon theory. 

3. The principle of relativity is correct, but the laws and 
concepts of mechanics requre modification. Thịs 1s the 
alternative chosen by Einstein who, by modifying the defi- 
nitions of mass, energy, momentum, and the propertles of 
space and time, was able to force the laws oŸ mechanics along 
with the laws of electricity to obey the prineiple of relatIvIty. 
The laws of electricity needed no modification. As pointed 
out in Chapter 8, magnetic force can be thought of as a rela- 
tivistic correctlon to Coulomb'°s law. For about 50 years the 
theory of relativity was ready to be discovered im the equa- 
tions of electricity and nobody fully realized this until 
Einstem 1n 1905. 
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Fig. 11-3. Light path from source to mirror and back. 


: k D Mirror 
®. 


Light source 
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Ans. 1: It is a net repulsive force. 


11-2 The Problem oí the Ether 


“Comưmmon sense is that layer oƒ preJudices laid doun In 
the mĩnd prior to the age 0ƒ eighteen.”” 
A. kimstein 


We shall first discuss possibility (1) and show how It was 
contradicted by experiment. In this preferred reference sys- 
tem light would travel with velocity e. To an observer having 
velocity ø with respect to this preferred reference system, 
the velocity of light would be (c + 0) when moving toward 
the light source. This is Just what one would expect 1Ý light 
transmission required a “physical,'” but massless, medium. 
"This medium was called the ether. The preferred reference 
system where Maxwell's equations were assumed to be valid 
was Interpreted as the rest system of the ether. Thus all 
veloeities were considered absolute—they could be measured 
with respect to the ether. 

We shall now see how this assumption was contradicted 
by the famous experiments of Michelson and Morley con- 
dueted in the 1880°s. Since the earth is moving at a velocity 
0 = 18 mi/sec around the sun, supporters of the ether theory 
reasoned that there must be times of the year when the earth 
has a velocity of at least 18 mi/sec with respect to the ether 
(or the ether has a velocity of 18 mi/sec with respect to the 
earth). Then to an observer on earth light traveling In the 
same direction as the ether should have a measured velocIty 
(e + 0) with respect to the earth, and light traveling im the 
opposite direction would have velocity (e — 0) where 0 Is at 
least 18 mi/sec. Thus the length of time It would take light 
to travel a distance Ö to a mirror and back would be 


D D Lót 2Dc : = J7) »x lÌ = (11-3) 


Suppose a rigid arm of length 7 holds a light source and 
a mirror as shown 1n Fg. 11-3. Then the time for the light to 
travel to the mirror and back is given by Bq. 11-3 when the 
arm is lined up with ø, the ether veloeity. IÝthe arm is rotated 
90° so that it is perpendicular to ø, the light must travel a 
distance 2Ï as viewed by an observer at rest with respect to 
the ether (see Fig. 11-4). Then the time to travel to the mirror 
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Fig. I1-4. Light path when source and mirror are moving 
with velocity ø to the right as shown. 
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Fig. 11-5. Boat trips between two 1slands. 
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and back would be 


CÔ m=` (11-4) 


From the right triangle In Flg. 11-4 we have 


j5 Kì 


Now by substitutng the right-hand side of Eq. 11-4 for Đ, 
we have 


c2/2 02/2 
21) in 
ñ bán i2 


(11-5) 


Hence the ratio #/ = v/1 — 02/c?, which means that the 
tìme for the light to make the round trip 1s shorter when the 
arm 1s perpendicular to the ether veloclty. The binomial 
theorem may be used to obtain the following approximation 
for the time diferenee: 


Exampie I1 

Consider two small 1slands 60 mi apart and a motorboat which 
crulses at 10 mph with respect to the water as shown mì Flg. 11-5a. 
One island 1s due west of the other. 

(a) How long does a round trip take when the water 1s still? 

(b) How long does a round trip take when the current 1s 5 mph 
fowïng east? 

(c) How long does a round trip take when the current 1s 5 mph 
fowing south? 

For part (a) the time equals the round-trip distance (27 = 120 mì) 
divided by the speed (c = 10 mph): 


2D 120 mi 
=====-===== = j|Ì1 hr 
C 10 mi/hr 


Eor part (b) the net velocity heading east is 15 mph and returnmg 
1s 5 mph. Then 
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Fig. 11-6. The Michelson interferometer. Light from source S 
is split by half-silvered mirror Äƒ¡ and reunited at the screen. 


M; 


` Screen 


Fig. 11-7. Earths orbit about the sun. At position A the 
ether drift would be zero. But at position Z the efect would 
be doubled. 


D D 


1510/12 5t là 


This same result can be obtained by substituting e = 10 mph and 
0U =õ mph into Eq. 11-3. We see that the effect of the current is to 
slow down the trip by 4 hr. 

For part (c) in order for the boat to have a resultant veloclty c/ 
pointed due east, the captain must steer a course somewhat north 
of east as shown in Eig. 11-5b. Then 


œ = v10? — 5? = v/7ỗ = 5⁄3 = 8.66 mph 


Nế 0U (2) 


= 13.86 hr 
Có 8.66 


Again the result can also be obtained by substituting e = 10 mph 
and ø = 5 mph mto Eq. 11-5. We see that as with the previous dis- 
enssion about light paths in an ether current, the trip when the cur- 
rent 1s in the direction of travel takes longer than when the same 
current is perpendicular to the direction of travel. 


Michelson and Morley realized that they could observe 
such a small time difference (less than 10~18 sec) by using an 
mterferometer which already has two arms at 90° to each 
other. An Interferometer 1s shown in Flig. 11-6. In the Inter- 
ferometer, light from source ŠS is split by the half-silvered 
mirror 8. The two light rays are reunited at the screen. If 
the two light paths take the same amount of time, there wIll 
be a constructive interference at the screen. The experIment 
consists of adJusting the mirror positlons to ø1ve a construc- 
tive interference. Then the apparatus is rotated 90° by the 
earth's rotation and the new pattern observed. A change in 
the times of the light paths due to the velocity of the ether 
should show up as a change in the interference pattern. Even 
a value for ø as small as 18 mi/sec should give a very notIce- 
able efect. 

But try as they might, Michelson and Morley never ob- 
tained any efect at all. One explanation given was that the 
ether happens by accident to have a velocity of 18 mi/sec 
with respect to the solar system. When the earth is at posi- 
tion A in Eig. 11-7, its velocity relative to the ether would be 
zero. However, Michelson and Morley repeated thetr experi- 
ment six months later when the earth was in position Ö. 
Then they should have obtained twice the expected efect, 
buÈ again nothing happened. 
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Q.2: Which time Interval is larger, that given by Bq. 11-3 or 
by bq. 11-5? 


Another possible explanation was that the earth drags a 
local region of the ether along with it. However, this would 
cause the stars to appear to shift m position back and forth 
each year In a manner diferent from that which 1s observed. 
Thịs explanatlon was therefore ruled out by astronomical 
observation. 

Another attempt to explain the null result of Michelson 
and Morley was made by Fitzgerald and independently by 
Lorentz who proposed that all physical lengths are con- 
tracted in the direction of motion by the factor v/1 — 02/c2 
when moving at a veloclty 0 with respect to the ether. Then 
when the Interferometer 1s rotated 90°, its arms would 
change 1mm length Just by the amount necessary to cancel out 
the efect. To answer this objection a new Interferometer 
with arms of unequal length was employed. Now the Fitz- 
gerald-Lorentz contraction would lead to diferent results 
for diferent velocitles of the interferometer relative to the 
ether. However, the null result was still observed for al] posi- 
tions of the earth in 1ts orbit. 

As a result of these extensive experiments, we conclude 
that the light emitted by the interferometer source aÌways 
travels with velocity c with respect to the source and mirrors 
of the interferometer. 

Another possible way to explain the Michelson and 
Morley result would be that of alternative (2); namely, to 
revise the laws of electricity so that light would always be 
emitted with velocity e with respect to the emitter or source 
of the electromagnetic waves. However, this explanation was 
also ruled out on the basis of astronomical observation. If 
this emission theory were true, the motion of a double star 
should appear đistorted and appear to violate Kepler”s laws. 
When one member of the binary star 1s moving toward the 
earth with velocity 0, 1ts light would travel all the way with 
veloclty e + 0 and arrive early, whereas the light emitted 
while the star was moving away would travel with veloeity 
€ — oand would arrive late. 

We see that every attempt to explain the null result of 
Michelson and Morley was defeated by additional experi- 
ments and observation. 

The remainmg alternative (3) was seriously pursued by 
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Ans. 2: Hạ. 11-3. 


AIbert Einsten 1mm 1905. Actually the Michelson-Morley 
experiments were of little concern to EBinsteim. He was more 
bothered about the inconsistencles between Maxwell's equa- 
tions and classical physlcs. A favorIte thought problem of his 
was what would happen !f he should chase after a light wave 
and catch up with it by traveling at 0= c. So Einstein 
tackled the problem of what changes In the classical ideas of 
space and time would be necessary to make the equations of 
electricilty consistent with the principle of relativity. For- 
tunately, this 1s a well-defned mathematical problem and 
has a unique solution. In fact, the purelÌy mathematical part 
of this problem had essentially been solved by H. A. Lorentz 
a few years earlier. However, many people (ncluding Lorentz 
at the time) have difficulty with the physical Interpretation 
of the mathematical results because they seem to violate 
common sense. lt was this physical Interpretation and its 
extension to all of physics which was EInstein's main contri- 
butlon—a contributlon which greatly overshadows the 
mathematical curlosity obtained by Lorentz. 

One of the main points m Einsteins theory 1s that the 
speed of light 1s always e = 3 x 1019 em/sec, independent of 
the velocity of the observer or of the source. Thus two ob- 
servers, one at rest with respect to a distant star and one 
traveling very fast toward the star, wIll measure the same 
value for the velocity of the light coming from the star. Thịs 
result would of course be consistent with the observations of 
Michelson and Morley, but it seems contrary to common 
Sense. 

Einstein explamed this “strange” result by attributing 
“strange” propertles to space and time. He proposed that 
Space as viewed by a moving observer contracts in the direc- 
tion of motlon, and that time as viewed by diferent observers 
wIll not be the same for them (events that are sưmultaneous 
for one wIll not necessarily be simultaneous for the other). 
'These effects are described mathematically by the equatlons 
obtamned by Lorentz and are called the Lorentz trans- 
formation. 

The Lorentz transformation relates the time and distance 
coordinates measured by two observers moving with veloclty 
0 with respect to each other as follows: 
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The Lorentz transƒformation 


Fig. 11-8. Effect of Lorentz contraction on two identical 
sticks moving at a velocity ö = 0.6c with respect to each 


other. 
Observer Ö t2» 
Stiek B "h 
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(œ) View “seen” by observer A 
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= Stiek A 


(b) View “seen” by observer B 


Q.3: If an object is ñxed at x' = 0, will its x-coordinate given 
by Eq. 11-6 increase or decrease with time? 


t====; (11-6) 
V_ cœ 

y=y 

“=-- 
t+ 4x 

ƒ.= ==-. (11-7) 


The primed coordinates refer to one observer and the un- 
prmed to the other observer. The corresponding classical 
equations are 


Ä — Ä 1 UỂ 
#=í 


which says that 1ƒ an object is at rest in the unprimed system 
at # = xo, In the primed system its position wilÌ be x' = 
xo + tí, whích means It will appear to be moving with 
velocity ø to the right. EBquations 11-6 and I1-7 can be 
derived by assuming all observers must obtain the same 
value for the speed of light. Such a derivation is given in 
Appendix 11-1. 


1I-3 The Lorentz Contraction 


“SThere tuas q young ƒellou named Flsb 
Whose ƒencing tuas exceedingly brisk. 
So ƒdst uuas his dcfion, 

The Lorentz contraction 

Teduced hs rapter to q địsb.” 


One simple consequence of the Lorentz transformation 1s 
that all moving objects will appear to be contracted by the 
factor w/1 — u2/c2 in the direction of motion. This almost 
can be seen directly by looking at Eq. 11-6. Specifically, if 
two observers start out with identical meter sticks and ob- 
server Ö travels with velocity 0 with respect to observer A, 
then observer A will measure the meter stick of Ö as being 
V1 — ?/c? meters long (see Fig. 11-8). Because of the prin- 
ciple of relativity the reverse must also be true: observer Ö 
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Fig. 11-9. (z) Two identical light clocks at ý = 0. Clock B 1s 
moving to the right with velocity 0ø. (b) The light clocks 7 
seconds later as seen by 4. Both light pulses have traveled a 
distance er. The pulse In 4 has reached the end, but the pulse 
im still has farther to go. 


Mirrors 


Light puÌses 


(a) 


Light pulses 


Ans. 3: It will decrease. The equation for x In terms of x/ 
and # is 


#4” — UF 


®S—=" 
V1 — (u2/c2) 


would measure Á's meter stick as being contracted by the 
same amount. 


Exumpte 2 
Suppose we see a meter stlck passing by with a velocity 60% of the 
speed of light. How long would we measure it to be? 


1= vl-06ˆm 
= \/0.64m 


= 80 cm 


In Section 11-2 we saw that the Lorentz contraction was 
not sufficilent to explam the experimental results when an 
imnterferometer with arms of unequal length was used. This 
difficulty is resolved by revising our concept oÝ time in addi- 
tion to our concept of length. 


11-4 Time Dilation 


““There uodas a young girÌ named Miss Bright, 
Who could trauel mụch ƒaster than hight. 
She departed one day, 

Tn an Eiisteirưn tuady, 

And came bacb on the preuious nighí.” 


To 1llustrate why Eimstein found 1t necessary to change 
our concept of time, let us consider a “light clock.” "The con- 
struction 1s very simple: Just two parallel mirrors a distance 
D apart. 

Let r be the time required for a pulse of light to strike the 
top mirror starting from the bottom. Each time the light 
strikes a mirror we have a “tiek” of the clock. Consider two 
such identical light clocks ticking away together. The từme 
between ticks 1s z = /c. Now let clock Bö move to the right 
with veÌocity ø asin Fig. 11-90. Its length must still appear 
the same.* We as observers are “attached” to light clock 4 
and we observe that there is now a longer path for the light 
pulse to travel from one end to the other in light clock Ö. 


*]f it were shorter than A as the two objects pass each other, two observers 
(one attached to A and the other attached to Z) would both see that light 
clock Ö is shorter than A. This would give a means of detecting absolute 
motion which violates the prineiple of relativity. 
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Q.4: In Fig. 11-9(ö) does the fxed observer see both light 
pulses moving with the same speed? 


As we observe light pulse B taking the diagonal path In 
Flig. 11-9, we see that it must travel with the same speed 
U = casour hght pulse (thïs 1s where the theory of relatIvity 
comes in). Hence light pulse Ø must take a longer time than 
our light pulse A. If we call this longer time z7', by applying 
the Pythagorean theorem to Flg. 11-9ö we obtain 


(€rˆ)2 = (ur)2 + (cr)Z 


(CS... -... 


, 1 
.. HH 
c2 
HC 1 11-8 
"S= ( -8) 
—œ? 


The time Interval 7 is the time we observe between ticks for 
the moving clock and is a longer time than 7. Any observer 
must find that moving light clocks tiek more slowly than an 
1dentical stationary light clock. 

But do light clocks behave thĩs way because of the special 
nature of light? Should ordinary mechanical clocks whose 
parts move much slower than the speed of hght also sÌow 


1 

V1 — u3/c? 
because It has nothing to do with the nature of the particular 
clock—it is due to an Intrinsic property of time 1tself. 'To see 
this, suppose a light clock and a wristwatch are fastened 
together, both keeping identical time. 'Phen they are pushed 
sideways with velocity o and the light clock slows down as 
1t should, but the wristwatch does not. NÑow we would havea 
simple detector of absolute motion—whenever the two clocks 
agree, they are at rest; whenever the light clock runs sÌower, 
everybody knows they are In motion. 'This, of course, violates 
the princIple of relativity upon which all oŸ our discussion 1s 
based. 

Since tỉme dilation 1s a property of time itself, not onÌy are 
all moving clocks slowed down, but so are all physical 
processes such as chemical reaction rates slowed down when 
ìm motTion. Since life consists of a complex of chemical reac- 
tions, life also would be slowed down by the same factor. 


down by the same factor ? Emstein said yes, 
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Eig. 11-10. Pion beam produced by proton beam of a syn- 
chrocyclotron striking an internal target. The pions produced 
by proton collisions in the target are deflected by the mag- 
netic feld and travel out into the experIimental area. 
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Ans. 4: Yes, however light pưlse Ö is moving slower with 
respect to its light clock which is also moving. 


Even physIcal processes, such as the halffe of a radioactive 
sample, must be slowed down by the factor v/1 — u?/e, 
In fact, this efect on a halflife has been observed directly by 
using a beam øf unstable particles. The pion is an unstable 
particle w1th a halflife of 1.8 x 10~8 sec. A beam oÝ pions can 
be produced by using a synchroeyclotron. Figure 11-10 shows 
a typIcal synchrocyelotron-produced pion beam. 


Example 3 

A beam of pions have veloclty u = 0.6c. How long wIll It take for 
half the pions to decay? How far will they travel in this time? 

The observed halflife 7 wïll be 1.8 x 10-3 sec immcreased by the 
factor 


—== `... 

vi-06 vữ64 
Thus the halflife 1s inereased by 25%, or 7“ = 2.25 x 10-3 sec. The 
đistance traveled in this time is 


D_=uT'ˆ =0.6x 3% 10! x 9.25 x 108cm = 4.05m 


Not only has từme dilation been observed using micro- 
seople “*elocks”1n the form of unstable particles, but m 1960 
the effect was first observed using macroscopic clocks. The 
most stable thnekeepIng device that can be buIlt is a eloek 
utilizing what ïs called the Mossbauer efect. Mossbauer 
“eloeks” utilze photons from a radioactive Iron 1sotope im- 
bedded m an rron crystal. TWwo identical Mossbauer clocks 
wIll keep the same time within one part ín 101$, A time shift 
of that amount shows up as a sudden increase in a photon 
counting rate. In this time-dilation experiment, an entire 
Mossbauer clock was rotated rapidly and found to slow down 
l 


VÌ = DU 


bauer cloek at rest. The theory was agaIn confirmed. 


at the rate compared to an identilcal Moss- 


II-5 The Twin Paradox 
Perpetudl youth? 


inece the advent of space exploration, 1t has become com- 
mon knowledge that space travelers wIll not age as Íast as 
their brothers on earth. In fact, iÝ a space traveler could 
travel with the speed of light, he would not age at all. 
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Q.5: Should an astronaut who merely circles the earth return 
younger than otherwise? 


This slowing down of time for the space traveler 1s seen 
by applying Eq. 11-8 to him. According to an observer on 
earth the elocks and all physical processes including life itself 
on a spaceship of velocity ø would be slowed down by a factor 


.¬=ở... 


Exampite 4 

Consider two twins A and Ö, age 20. Twin Ö takes a round trIp 
space voyage to the star Arcturus at a velocity 0 = 0.99c. According 
to those of us on earth, Areturus is 40 light years away. What will be 
the ages of A and Ö when Ö finishes his trip? 

According to twin 4, the trip would take 12 longer than the 80 
years it takes light to travel to Arcturus and back. Thus 4 would be 
20 plus 80.8 or 100.8 years old when Ö returns. According to twin Á 
the clocks on the spaceship would be running slower by the factor 
VT — 0.997 = v/0.02 = 0.141. On the spaceship the elapsed time 
for the trip would then be 0.141 times the 80.8 years of earth từne or 
11.4 years. Twin 8 would be 20 plus the 11.4 years or 31.4 years old 
at the end of the trip. He would then be 69.4 years younger than his 
twin brother who stayed on the earth. 


The space traveler does not feel that his time is running 
slower. In Example 4, twin Ö sees the distance to Arcturus 
shortened by the Lorentz contraction. He measures that the 
distance from earth to Arcturus is v⁄1 — 0.99? times 40 light 
years or ð.64 light years. He also sees the earth moving away 
at the same relative velocity oŸ  = 0.99c. So the twin In the 
spaceship calculates that the time for him to get to Arcturus 
1s Just 1% longer than the time it takes light to travel the 5.64 
light years. Thus the twin in the spaceship thinks 1t takes 
5.7 years to get to Arcturus or 11.4 years for the round trip. 
This result checks with the calculations of twm 4 on earth. 

However, we run Into an apparent paradox when the space 
traveler looks back on the earth and sees the earth clocks 
slowed down with respect to his eloek. It seems that 8 should 
get the result that A is younger, which contradicts our 
previous reasoning. In fact, If velocity 1s truly relative, how 
can we arrive at an asymmetric result at all? According to 
symmetry should not both twins end up with the same age? 
At frst sight it appears that Binstein's formalism g1ves rise 
to a self-contradiction. The paradox 1s resolved by noting 
that this problem is inherentÌy asymmetriec. The man on 
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kbinstein addtfion oƒ 0eloctfHes 


Ans. ð: Yes, but v/T — (02/c?) is so close to one that it is not 
notIceable. 


earth always remaIns In the same reference system, whereas 
the spaceman changes reference systems when he turns 
around. A correct applicatlon of Einstein's equatlons also 
glves the result that, according to the spaceman, the over-all 
effect is that the earthman gets older. 

There has been a long history of controversy concerning 
the twin paradox (also called the clock paradox). By now 
nearly all physicists accept the interpretation given here; 
however, there are still some philosophers, and even a few 
mathematicians, who claim that the twins actually end up 
the same physical age. For further discussion of the “twin 
paradox” the reader is referred to Dennis Selama, nréy 0ƒ 
the niuerse, Anchor Books. An article by E. MeMIIIan in 
the August 30, 1957 issue of Science shows that 1t 1s im- 
possible for man to make practical use of time dđilation n 
space travel. Tỉme dđilation efects are negligible except for 
velocitles near the velocity of light. We shall see im Section 
11-8 that a kinetie energy comparable to the rest mass energy 
of the spaceship is needed in order to reach such high 
velocitles. Even the energy release of nuclear ssion 1Ý 
utilized with 100% efficieney 1s still about 1000 times too low 
for this. 


II-+B  Einstein Addition of Velocities 
U+c=c 


The Lorentz contraction and time dilation are direct con- 
sequences oÊ the Lorentz transformation. These transforma- 
tion equations also determine how to transform velocity. For 
example, in a certain reference system an object may be 
traveling with velocIty ư (such as the Jet plane in Flg. 11-11). 
What velocity “ would be measured by a moving observer 
traveling with velocity ø? According to classical physics 
ưu =r + 0. Bụt Einstein”s result 1s 


jƒ” =ã —“——— (11-9) 


This equation is easily obtained from the Lorentz trans- 
formation equations by đividing the equation for xˆ by the 
equation for /. If we divide Eq. 11-6 by Eq. 11-7, we obtain 
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Fig. 11-11. TWo Jet planes traveling with speeds and ø with 
respect to the ground. The observer plane sees the Jjet on the 
left coming at him with a speed that is less than ( + 0). 
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Ground 


Q.6: In Fig. 11-8(z) wIll a third observer traveling at velocity 
0/2 ““see"` both meter sticks as the same length? 


X_ x+ưi 
=... 
c2 


Now divide numerator and denominator of the right-hand 
side by ứ. 


# 
—+U 
, Í SE 


“”1+]E) 


The statlonary observer sees an obJect moving with speed 
u = x/f, and the moving observer sees the same object 
movIng with speed “ = +x//ƒ. IÝ we make these substitutions 
for x/f and x'/#, we obtaim the result, Eq. 11-9. 


Example 5 

Assume the ground speeds of the two Jet planes m Fig. 11-11 are 
u = 2000 mph and ø = 1000 mph. What ïs the velocity o£ the first 
plane as measured by the second pÏlane? 


" 2000 + 1000 - 3000 


=—————=>=—————-= 2999.9999999%6 mnh 
lIỆ 2 x 108 I[ d5 2k3 S4 TÌWƑ- S2 
c2 


Exampte 6 

The neutron is an unstable particle which decays into a proton, 
electron, and antineutrino: )—› P+ e~ +. Suppose the decay 
electron has a velocity of elght-tenths the speed of light when its 
parent neutron is at rest. What wIll be the observed electron velocity 
1 the decay occurs while the neutron 1s moving ïn the same direction 
at nine-tenths the speed of light? 

Our frame of reference 1s mmoving at u = 0.9e to observe the elec- 
tron travelng at ¿ = 0.8c. Substituting these values into Eq. 11-9 
glves 


` 0.8e+ 00c — 1/7 : 
10555333: 


kxampÌe 7 

An elementary particle called the neutrino is travelng with the 
speed of Iight (w = c). An observer is moving with velocity ø toward 
the neutrino. According to the movimg observer, what 1s the neutrino 
veloecity? 

: Cđ+U Ce+0 


= = = 


in C t(e+e) 
c° € 
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Fig. 11-12. Observer Ả sees two lightning bolts hit ends oŸ 
boxcar simultaneously. Observer Ö is “racing” toward light 
pulse on right and meets it first. To him, the bolt on the right 
must have struck first. 


A7 EẾ Light  Xêu " 


Ans. 6: No. He would “see” stick AÁ move to the left with 
U = 0.3e, but according to the Einstein addition of velocities 
stick B would move to the right with ø = 0.366c. 


W© see from Example 7 that light (or anything else) 
traveling with velocity e must appear also to have velocity e 
to all other observers, no matter how fast they are moving. 
As previously stated, the Lorentz transformation equations 
transform space and time In just such a way that a beam of 
light must travel with the same velocity e as seen by all ob- 
servers. We have now shown this to be true because the re- 
sult of Example 7 1s a direct consequence of Eq. 11-9 which 
1tself is a đirect consequence of the Lorentz transformation 
equations. 

One baslc result of Einstein's equations 1s that no object 
can travel faster than the speed of light. In fact, as an obJect 
approaches the speed of light 1ts volume approaches zero due 
to the Iorentz contraction. Also according to Eq. 11-9, no 
matter how much additional velocity 1s g1ven to an obJect, It 
cannot exceed ' = c. Ôn the other hand, Newtons laws 
permit objects to exceed the speed of light. In Section 11-8 
we shall see what changes are necessary to make mechanics 
consistent with the Einstein transformation equations. 


11-ƒ Simultaneity 
The future can precede the past 


A physical reason why one observer thinks that a given 
meter stick 1s shorter than what another observer thimmks 1s 
because events which are simultaneous for one observer are 
not simultaneous for the other. (Ín order to measure the 
length of a meter stick, one must measure the two ends 
simultaneously.) 

W© shall now demonstrate by using a moving boxcar as an 
example that two events which are simultaneous to a 
stationary observer wIll not be simultaneous for an observer 
in the moving boxcar. Consider the boxcar of length Ù (when 
measured at rest) in Flig. 11-12. Observer Ö standing in the 
center of the boxcar measures the length to be L. We shall 
now devise one way for observer 4 to measure its length 
while ït is in motion, and thereby verify the Lorentz contrae- 
tion. Just as observer Ö is passing A we will let both ends of 
the boxcar be struck by lightning bolts which are simul- 
taneous according to A. Now A will obtain the result that 
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1/ = vw1-— 02/c2 L by measuring the distance between the 
marks left by the lightning bolts on the track. 

An equally amazing result, however, 1s the fact that Ö 
claims that the lightning bolt on the right struck frst. Cer- 
tainly as viewed by A, the man in the boxcar is moving 
toward the light from the right-hand lightning bolt and he 
will reach it first. And If Ö reaches the right-hand pulse of 
hght ñrst, he reaches 1t first, no matter who the observer is. 
But according to Ö, the two bolts of lightning were equal 
distances away, and if he saw with his own eyes the one from 
the right occur first, then according to him it must have 
occurred first. An observer Œ starting at the same position, 
but moving to the left, would similarly claim that the left- 
hand bolt struck ñrst. We conclude that whenever two events 
occur within the time required for light to travel between 
them, the order oŸ occurrence is undeñned—it depends on 
the veloeity of the observer. In such cases future events can 
be made to precede past events by selecting an appropriate 
moving observer. 


11-8 Relativistic Mechanics 


ẢMaSS 1S ©€n€r8y, ©n©r8@y ¡S masS 


E1nstem noticed that the classical laws of momentum and 
energy conservation dịd not agree with the Lorentz trans- 
formation equatlions. For example, if two bodies of equal 
mass #Mc have an elastic collision (by elastic we mean the 
relative veloelty can only change direction, not magnitude), 
the quantity (Äƒovị + Mov›) wlll not be the same after the 
collision as 1t was before the collision. (This result is easily 
obtained by Lorentz transformig from the center-of-mass 
system to the laboratory system.) Henee, the total classical 
momentum could not be conserved. However, im this same 


=1. 
VI — Uị?/c2 VI — U22/c2 

does not change 1ts value after an elastic collision. So Bin- 
stein proposed that 1 one redefined momentum as Ä⁄u where 


calculation the quantity ( 


Mĩo 


Vi =—————— 


(11-10) 
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Fig. 11-13. Mass as a function of velocity. Note that at 
U = 0.ðc the mass has onlÌy increased by 15.5%. 
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then momentum would be conserved. He proposed that this 
new law of conservatlon of momentum would hold for sys- 
tems of particles of unequal masses having inelastic collisions 
as well, Such a far-reaching prediction must be tested 
thoroughly by experiment. Many accurate tests have been 
made and Einsteins new formulatlons for mass, energy, 
momentum conservation, and energy conservation are well- 
accepted and believed to be correct. 

One experimental test 1s the measurement of momentum 
and velocity of electrons in a high energy electron synchro- 
tron. The measurement of velocIty of the electrons in the 
Cambridge Electron Accelerator gives the result u = e 
within the accuracy of measurement. The momentum can 
be measured wIthm a fraction of a percent. The result for the 
ratlo of momentum to velocity (the definition of Inertial 
mass) is a value 12,000 tỉimes the rest mass of the electron. 
These Cambridge electrons when at full energy are actually 
six tmnes heavier than protonsl But ordinary macroscople 
objects such as Jet planes and space rockets have velocItles 
so small compared to the speed of light that theïr true masses 
are for all practical purposes the same as their rest masses. 
The mecrease of mass with velocity 1s plotted In Flg. 11-13. 


kxampte 8 
Electrons In the Cornell University synchrotron reach a velocity 
of = 0.999999955c. What is the mass of these electrons? 
M= Mẹ _ Mạ “ Mẹ 
V1 — (0.999999955)2 V9.00000009_ 3 x 10-1 


1M = 3300Mo 


Thus the Cornell electrons are 3300 times heavier than they were 
when at rest.* 


One often encounters the reverse problem: the mass Im- 
Crease 1s gIven and one is asked to calculate the veloclty. For 
thỉs we square Eq. 11-10 and obtain 


*We do not want to give the impression from this that MIT and Harvard 
are better than Cornell. By the end of 1967 Cornell should have electrons 
almost twice as heavy as the Cambridge electrons. 
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imsftein mass-energy relation 


Q.7: Does the term mass mean rest mass, Inertial mass, or 
gravitational mass? 


c2 M 

=1 — (Me 

c2 - M 

Ho z Hải : 
== 1 t (11-11) 


Another consequenece of the Lorentz transformatTion equa- 
tions 1s that the total relativistle mass and hence the quan- 
tity (Mic2 + ÄMĩ;c?) remains unchanged when two particles 
immteract. Einstem identifed this with the conservation of 
energy and showed that In the limnit of small velocities this 
approaches the classical formula for conservation of energy. 
Einsten proposed that 


W = Mc2 (11-12) 


be the energy ofa particle. We can wrIte energy as an explicit 
function of velocity by substitutng the right-hand side of 
Hq. 11-10. Then 


S1 2. (11-13) 


So far this looks quite different from the classical formula 
W = ‡Mu2. On page 2883 we shall show the connection be- 
tween lq. 11-13 and the classlcal expression $jMu?. ŠSuppose 
b = 0, then q. 11-13 says the mass still has energy 


Wo = Moc° (11-14) 


Einstem Interpreted this as an Intrinslc rest energy. He said 
that 1ƒ an amount of rest mass Äọ 1s ever destroyed, then an 
amount oŸ energy Ä#foc? must be released. Ít 1s the direct 
conversion oŸ some of this rest energy that explains the 
enormous energy release of nuclear bombs. Actually there 1s 
a severe constraInt on how much energy can be obtaIned this 
way. As mentloned In Chapter 5ð the law of conservation of 
heavy partieles says that ín any Interaction the total number 
of protons plus neutrons must stay the same. For this reason 
there Is no way we can ever get the 9 x 109 ergs out of a 
gram of sand. 
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Ang. 7: In this book mass means Inertial mass, and according 
to the principle of equivalence inertial mass and gravitational 
mass are the same. 


Exanple 9 
What is the energy contaimned in 1 gm of sand? How does this com- 
pare with the 7000 calories of heat delivered by burning 1 gm of coal? 
"The rest energy 1n l gm 1s 


W —- lgm xX (3X l0196cm/sec)° — 9 »< 1U“ eres 
The energy released by burning coal 1s 
7000 calories < 4.18 x 107 ergs/calorie = 2.9 x 101! ergs 


Thus the rest energy is 3.1 x 10 as much as the chemical energy. 


EKxample 10 
If one ton of TNT gives an energy release of 10% calorles when 

exploded, how much mass must be converted into energy m a one 

megaton bomb? 

W _ 109 x 4.18 x 107ergs 


AM =—-=—————— 
c2 9 % 1029 cm2/sec2 


= 4.6 x 105”gm 


is the decrease in mass when one ton of TNTT is exploded. The mass 
converted to energy in a one megaton bomb 1s one million times as 
much, or 46 gm. Actually the mass of fissionable material needed in 
such a bomb is about 1000 times as mụuch. 'Phe total number oŸ pro- 
tons and neutrons 1n a nuclear explosion stays the same. See Chapter 
1ỗ for further discussion of this. 


Our defñnition for kinetic energy will remaim the same: 
kinetic energy is the energy of motion. The energy due to 
motion can be obtained by subtracting of the rest energy: 


KE= W — Wẹo (11-15) 


This equation can be written as an explicit function of 
velocity by using Eqs. 11-10 and 11-12. 


KE= Mc° — Moc°, 


DSD đc c2| jU...2 


W&© shall now show that for small velocities this function oŸ 
veloclty approaches ‡$Äƒạu?. According to the bmomial 


° 


theorem,* the quantity (1 — 0?/c?)~1? can be replaced by 


*'The binomial theorm states that (1 + ø)" can be expanded as (1 + #)" = 
nín — ] 
l+na "=. 89c, 
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Q.8: Which 1s larger KX# = (Aƒ — Mía)c?, or the classiecal 
quantity }Míou?? 


[1 + 3(0?/c?)] when ø/ec is much less than 1. Then 


lí + ‡5) — 1 |Moe 


= 1o? 


KE 


which 1s the familiar classical expression. 

The frst experimental confirmation of the Einstein mass- 
energy relatlonship came from the comparison of energy 
release In radioactive decay with the mass difference between 
immitial nueleus and ñnal products. As an example of how 
W = Mc2 can be checked in the laboratory, let us consider 
the simplest case of beta decay, the beta decay of the free 
neutron. The free neutron 1s observed to decay into a proton, 
an electron, and an antineutrino (the antineutrino 7 has zero 
rest mass). 


ÁÑf —› /# 4 @- d5 77 


with an observed release of 1.25 x 106 ergs of kinetic 
energy. The rest mass of the neutron is measured to be 
greater than that of the proton plus eleetron by 18.9 % 10-28 
gm. The energy corresponding to this amount of mass should 
be W = 13.9 x 10-28 x c2 = 1.25 x 10-5 erg. This energy 
due to the mass difference checks with the observed kinetie 
energy of the decay products which is also 1.25 x 105 erg 
within the accuracy of measurement. 


Example 11 
A certain particle has a kinetic energy equal to Its rest energy. 
'What 1s the veloecity of this particle? 


W=KE + Mạc? 
AMc2 — Mẹc2 + Mạc?, sìince KẾ = Mạc? 
Mẹ _ 1 


M_ 2 


Substituting into Eq. 11-11 gives 
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Fig. 11-14. The bending of light m the gravitational feld of 
the sun. 
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Ans. 8: The classical quantity is smaller. Thịs is easily seen 
in the limit as ø approaches c. Then the relativistic KE 
approaches infnity, but 1o? approaches ‡Moc2. 


Exampie 12 

The Bevatron, a proton accelerator, g1ves protons a kinetic energy 
of 10-2 erg. By what factor is the mass of such protons inereased? 
The proton rest mass 1s 1.67 x 10-21 gm. 

Eirst let us calculate the rest energy of a proton. 


Moc2 = 1.67 x 10-21 x (3 x 1019)2 = 1.5 x 103ergs 


CM_— Mẹc — KE + Mẹc _ 102 + Lỗ x 103 
Mẹ - jMoc2 E Mac? - 1.5 >.4 10-3 


= (19 


W&e see that Bevatron protons are 7.68 times heavier than ordinary 
protons. 


We conclude by noting that any form of energy must have 
a corresponding mass Äƒ = W/c?. For example, light waves 
which have zero rest mass must have mass W/c? where W 
1s the energy of the light. In principle the mass of light could 
be measured by trapping it in a box with totally reflecting 
walls. The box would then weigh more when It contaïns light 
than when ¡t does not. However, the differenece 1s too small 
to be measured even by our most accurate instruments. But 
there 1s one efect of the mass of hght that has been 
measured. If light waves have mass, they should be attracted 
toward the sun due to gravity. Thịs bending of light toward 
the sun gives an observable shift in the apparent positions of 
stars when seen near the sun (see Fig. 11-14). An eclIpse 1s 
needed to see stars this close to the edge of the sun. As dis- 
cussed in the next section, the inertial mass of light 1s an 
effect of special relativity, but the gravitational force on light 
1s an efect of general relativIty. 


11-9  General Relativity 
lRelafIUisic grauity 


What we have been calling Emstein's theory of relativity 
is sometimes called special relativity In order to distinguish 
1t from the theory of general relativity, the ñrst part of which 
Einstein worked out m 1911, six vears after his special 
theory. The theory of general relativity is really a modern, 
relativistic theory of gravitation. 

In Newton's theory of gravitation the force =GM\+M›/r° 
is one which acts instantaneously. If a force can act in- 
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Q.9: If a pulse of light has energy of 3 ergs, what is Its mass 
in grams? 


stantaneously, this means a signal, or energy, could be 
transmitted Instantaneously. This violates one of the basie 
tenets of relativity, that 1s, no energy, not even a signal, can 
travel faster than the speed of light. Thus Einstein tackled 
the problem of a relativistic theory of gravitation. He was 
determined that his new theory should satisfy both the prin- 
cIple of relativity and automatically give the result that 
gravitatlonal mass is always equivalent to inertial mass. 
EBinsteins determination led him to postulate what is called 
the prmciple of equivalence. This prmeiIple states that being 
ima gravitational feld is equivalent to being In an accelerated 
reference system. For example, in a rocket blasting off and 
accelerating upward, a passenger has the impression that 
gravity has suddenly been Increased. In a rocket taking of 
with acceleration ø = 2ø with respect to the earth, the pas- 
sengers and everything else In the rocket would weigh three 
trnes ther normal weight. This “pseudo-gravitatlonal” 
force is exactÌy proportlional to the mertial mass. No physics 
experiment performed ¡inside the rocket could tell the 
occupants whether the gravitational force of the earth had 
suddenly increased by a factor of three or whether the rocket 
was accelerating with respect to the earth. 

In the general theory of relativity, Binstein mathemat- 
Ically incorporated the principle of equivalence using a form 
of mathematics which is well beyond the scope of this book. 
In this mathematical description any mass will “'distort” the 
region o space around it so that all freely moving objects 
wIll follow the same curved paths curving toward the mass 
producing the distortion. Einsteins equations relate the 
amount of curvature to the strength (or mass) of the source. 

Classically we would say that any object moving in a 
curved path 1s being accelerated and must be under the in- 
Ñuence of some force. It 1s this acceleration, which in the 
general theory of relativIty 1s a property of space, that ex- 
plains the phenomenon of gravitation. Since it is the space 
1tself which 1s “distorted,” the efect on all mertial masses 
wIll be the same and the principle of equivalence is automat- 
1calÌy satisfed. 

One oŸ the consequences of this theory is that light when 
leaving a mass loses energy In overcoming the gravitational 
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Ans. 9: The mass Is M — 


W bộ 


'€ 3x 1019 


= Lm Di. 


attraction of the mass for the inertlal mass of the hight. As 
we shalÌ see in Chapter 12, when light Ìoses energy, 1ts wave- 
length is increased. 'This effect 1s called the gravitational red 
shift. Such a shIft 1s observed In the spectral limes of the sun 
and of heavy stars. Thus the tieks of an atomic clock on the 
surface of the sun are running slower than the very same 
atomie cÌock runnIng here on earth. As we might expect, the 
general theory of relativity predicts that all clocks should be 
slowed down when in the presence of a gravitational feld. In 
fact, 1Ý two Identical clocks on the earth are l1 m apart In 
height, the lower clock should run slower by about one part 
im 1016. Frequeney standards were first bulÌt m 1960 with thĩs 
accuracy using the photons emitted from radloactive nuclei 
imbedded m a crystal (see Chapter 15). The phenomenon 
giving rise to such accurate frequencies is called the Moss- 
bauer effect. 

So far it has been difficult to make experimental checks of 
general relativity. However, with these new frequency stand- 
ards, it has finally been shown 1m laboratory experimenfs 
that gravity slows down time. The first such experiments 
were performed ỉn a 70-ft tower at Harvard niversity m 
1960. 

The only other experiments that tend to confrm general 
relativity were made decades ago. They are the bending oŸ 
starlight around the sun (see Fig. 11-14), the red shift m the 
spectrum of heavy stars, and the advanee ïn the perihelion of 
Mercury. The accuracy of these experimental results 1s such 
that the general theory of relativity is still considered as in- 
adequately verifed. Special relativity, on the other hand, is 
well verifed. 


11-10 Mach's Principle 


1s acceleration absoÌute ? 


We have learned that there is no such thíỉng as absolute 
velocity. On the other hand, acceleration 1s absolute, even 
according to modern relativity theory. The amount of ab- 
solute acceleration can be measured by an instrument called 
an accelerometer. A mass attached to the end of a spring can 
be used as a simple accelerometer. If the spring constant and 
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Q.10: Do you thính an accelerating charge would produce an 


electric ñeld proportional to Jin addition to its usual 1nverse 
= 


square field? 


tnass are known, the value of the aeceleration can be deter- 
mìned from the stretch of the spring. Consider diferent ob- 
servers accelerating relative to each other. Of the infinite 
nưmber of possIble relative accelerations, there wïll Just be 
one particular reference system ¡in which the measured 
acceleration 1s zero. Such a reference system is called an 
1nertial system. Newton himself pointed out that his laws are 
only valid m Inertial reference systems. He defined an inertial 
system as one which 1s not accelerating with respect to the 
“fixed” stars. 

This concept of the absoluteness of an inertial system 
bothered some philosophers, such as Ernst Mach. Mach 
proposed that, In a general sense, acceleration is not absolute 
but that ït 1s determined by the configuration of all the mass 
m the universe. According to Mach”s prineiple, if the distri- 
bution of mass In the unIverse were suddenly changed, then 
values of local accelerations would suddenly change and 
what is now an inertial system might no longer be one. 
Mach proposed that the value of the inertial mass of any ob- 
Ject 1s determined by all the other mass in the tuniverse. One 
theory, consistent with Mach”s prineciple, is that the inertial 
mass of a single objJect im a massless universe would be zero. 
Then all reference systems would be inertial systems. 

D. Sciama m his book nify oƒ the niuerse presents a 
rather specific theory embodying Machs principle. He 
makes use of a fact obtained from general relativity that an 
accelerating mass produces a gravitational field proportional 
to 1⁄r 1n addition to its usual inverse square f8eld. An 
approxIimate formula for the 1/zr force between two accel- 


where ø 1s the relative aceel- 


erating masses Is  ~ G Mừng 
c3r 


eration. lÝ we sit on an accelerating mass z;, then all the 
galaxies In the universe are accelerating relative to us in the 
opposite direction. The net gravitational foree on  would be 


m=c ()() 
g~¿ữ == 


c2 Fị 


where the summation sign means to sum over all galaxies 
3M; situated at distances z;. Assuming an average density 2 
of matter In the universe, and a maximum radius #, we 
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Ans. 10: Yes. It is this L field which is the radiated 8eld. 
tỆ 


obtain7 


f~ GDR? 


c8 1a 


The proposal is that this gravitational force completely ex- 
plains inertial mass. Then #z should have the value mơ. We 
see that it wIll be as large as mươ 1Ý GDR2/c2 = I. Of these 
three numbers, only G is know accurately. The average den- 
sity of matter in the universe 1s estimated to be  ~ 10-28 
gm/cm3, but ít could be ten times larger or smaller. As dis- 
cussed In the next section, the efeetive radius of the universe 
1s # ~ 10 billion light years or Ö#/c ~ 3 x 1017 sec. Then 


GD $ÿ = (6.7 x 1078)(10-25)(3 x 1017)2 = 0.6 ~ 1 
W© see that within experimental accuracy the theory passes 
the test. Not only does the theory give a physical explanation 
to inertiaÌl mass, but it tells us Just how much mertial mass 
must be assigned to a gIven quantity oŸ matter. Another way 
of saying this is that the theory requires G = c?/Dï:. 
(Remember, G is a measure of the ratio of imertial mass to 
gravitational mass.) We see that in this theory G 1s no longer 
an independent physical constant, but that it 1s derived from 
other “more basIle”” physical constants. 

"The point of view taken here 1s that your head 1s the center 
of the universe and is always at rest. Whenever you bump 
your head against a wall, the distant galaxies have suddenly 
accelerated and exert a strong gravitational force on your 
head. In order to keep your head “at rest,” the wall musÈ 
exert an equal and opposite contact force. So the next time 


*The volume of the ¡th concentric shell is 4zr;2 Ar, and its mass is 
M, = 4mDr;? vị. The summation then becomes 


mưa s‹¬(4mDr;2 Ar;) 
#«=G—>————- 
ki c » t¡ 
Ạ G]Ũma ‹ . 
= 
Now 
SÀN cảng Suy rÊC (Š)-* 

Hence 

SN, GĐmaR2 


Z5 
C= 
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you bump your head or stub your toe, you can blame It on 
the đdistant galaxies. 

W©e conclude this section by pointing out that as of the 
present 1 is all controversial. Mach's principle Itself does not 
have universal acceptance among physIcIsts. 


11-10 Êosmology 


Creafion, sudden or conHnuous? 


The questions raised by the principle of equivalence, gen- 
eral relativity, and Mach”s prineIple are Intimately related to 
che questions of the origin, size, and structure of the universe. 
Is the universe mfinite or finite m size? How oÌd 1s our solar 
system and galaxy? How were they formed? How many other 
galaxles are there and how are they distributed? Where did 
they come from? What was the universe like before these 
galaxies were formed? "The fñeld of physics that deals with 
these most basic questTions 1s called eosmology, a very fast- 
moving 8eld. For example, im the past ten years the age of 
our galaxy has “increased” not by ten years, but by about 
ten billion years. The best present estimate for the age of our 
Milky Way galaxy is almost twenty billion years, whereas 
the age of the earth 1s 4.5 billion years. 

At present the theories of the origin and s1ze of the uni- 
verse are in a state of ux. The competing theorles are not on 
a fñrm experimental basis. However, leading cosmologists feel 
our knowledge of these subjects is now Increasing so fast that 
in the next ten years or so new findings might be able to give 
a reasonable level of confirmation to one theory and reJect 
the competing theories. 

The remainder of this section wïl] be used mainly to review 
the experImental situatlon. The 200-1n. telescope at Mt. 
Palomar can see about ten billion galaxies umformly distrIb- 
uted in space out to a distanece of about eight bïllion light 
vears, at which distance the light becomes too fait to be 
detected. Our galaxy with a diameter of about 60,000 light 
years contains about 100 bïllion stars, one of which is our sun. 
Our nearest nelghbor galaxy, the Andromeda Nebula, 1s sim- 
tar in size and structure to our own galaxy (see Fig. I1-15). 

Our recent detailed knowledge of thermonuclear reactions 
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{ Fig. 11-15. The Great Nebula in Andromeda at a distance of 
almost two million light years ïs the nearest major galaxy to 
us and is similar to our Milky Way. (California Institute of 
Technology.) 


Q.11: What would be the wavelength shift for a quasar 
Teceding at 0 = c2? 


enables us to estimate the ages of certain stars; our galaxy 
was formed about twenty billion years ago, although stars 
are still forming ín it (some are only one million years old). 
The gravitational attractive force provides the mechanism 
for small particles of matter to coalesce into stars. 

The processes taking place deep inside stars and the pat- 
tern of stellar evolution observed by astronomers are now 
fairly well understood in terms of nuclear physics. 

In addition to galaxies there are newly diseovered objects 
called quasars. Although quasars appear as stars rather than 
øalaxies In telescopes, they are 10 to 100 times brighter than 
typ!cal galaxies at the same distance. In addition, some of 
them emit large amounts of radio Írequency energy com- 
pared to other stars or galaxies. Many have been discovered 
first by radlo telescopes and then confrmed by optiecal tele- 
scope. At this writing, the physics of quasars was not under- 
stood. Perhaps some extreme effects in general relativity 
contribute, or perhaps there are new, yet undiscovered laws 
of physics at work here. 

Perhaps the most significant experimental faet is the ob- 
servatlon that all the galaxiles are receding from us with 
velocitles proportional to ther distances from us. The pro- 
portionality constant 1s such that those barely visible 
galaxies at a distance of five billion light years are receding 
from us with about half the speed of hight. The veloeity of 
recession 1s determined from the shift in wavelength of the 
light emitted by these galaxies. When a light source Is reced- 
¡ng, the wavelength of the light is imereased (called the red 
shift or doppler shift). The largest wavelength shift observed 
thus far isa wavelength which is three tỉmes its original vaÌue 
observed in a distant quasar. From the doppler shift formula 
one conecludes that this quasar 1s speeding away from us at 
) = [ìSt6, 

If one caleulated baek in time, he would conclude that all 
the galaxies in the universe were crowded together in our 
region of space about ten to fifteen billion years ago. In fact, 
one of the leading cosmological theories proposes that ten to 
fifteen billlon years ago all the matter in the universe was 
crowded together with the same density as that of an atomic 
nucleus. Then all the visible galaxies could be contained in a 
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Ans. l1: All wavelengths would then be inñnity and we 
would see nothing. 


sphere less than the diameter of Jupiters orbit. After this 
“mysterious” creation, the ordinary laws of physics take 
over, givỉng rise to a gigantic explosion of the primordial 
nucleus. Hence, receding galaxies correspond to the bits and 
pleces of an exploding hand grenade. This explanation of the 
expanding universe 1s called the “big-bang” theory. A per- 
haps more satisfying version of this approach 1s the pulsating 
theory of the universe. In this theory, the galaxles slow down, 
turn around, and reverse the expansion untiÌ they all coalesee 
which then causes a repeated “big bang.” 

The major competing theory 1s the steady-state theory 
which assumes a generalized principle of uniformity. The 
prineciple of unformity states that the universe must look the 
same no matter from what position ïn space 1È 1s viewed. Thịs 
1s becoming difÏicult to reconcile with recent observatlons. 
Also the principle of uniformity states that the universe 
looks the same from any position In tìme; that 1s, It has al- 
ways looked the same mm the past and wiÌl always look the 
same In the future. In the steady-state theory this principle 
of uniformity is satisfed by assuming matter is continuousÌy 
and uniformly beïng created at the same rate that the aver- 
age density of matter would be decreased due to the expan- 
sion of the universe. The observed rate of expansion 1s such 
that the over-all density of matter wIll remain 8xed ïf one 
neutron (or hydrogen atom) is spontaneously produced every 
vear im a volume of 1015 em3 or one cubic kilometer. One 
might object that the spontaneous production oŸ neutrons 
would violate our laws of conservation of energy, conserva- 
tion of momentum, and conservation of heavy particles, but 
It 1s a fantastically weak violation of these “conservation 
laws.'” We shall see in Chapter 16 that other conservation 
laws are violated by interactions not nearly so weak. 

"The steady-state theory makes several specifc predictions 
that can be tested. For example, one prediction is that the 
age distribution of galaxies should be uniform not only for 
the near galaxies but also for the distant galaxies. Another 
demanding prediction is that the thermonueclear reactions in 
ordinary stars should be able to produce the heavy elerments 
such as uranium out of what was originally hydrogen. So far 
no clear contradictions to these predictions have been ob- 
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ÑPPENDIX 11-i 


Jerivati0II 
0Í L0rentz 
Transf0rmati0n 
EiIIIafi0IS 


served, but time wIll tell. In the next few years we can expect 
more of the predictlons to be tested. If the steady-state 
theory manages to survive all the tests, we can perhaps ex- 
pect It to recelve wldespread acceptability im the next ten 
years or so. Ôn the other hand, 1 It or any other theory de- 
cIsively faIls Just one test, that is the end of it. 


Our goal here is to derive the Lorentz transformatlon equations 
starting from the principle of relativity and the mvariance of the 
speed of light. Our Job 1s already half done 1Ý we make use of the 
derivation of the time dilation (Eq. 11-8) on page 273. We© will start 
with the general form 


+ =Ax + Bí (11-16) 
' = Jñ  Jd% (11-17) 


"The problem 1s to determine the coefficlents A, Ö, #, and #'which 
may be funetions of the relative velocity ø between the primed and 
unprImed frames of reference. Let us arbitrarily refer to unpruned 
system as the stationary system, and the primed system as the 
moving system. For a statlonary clock fixed at x = 0, Bq. 11-17 gives 
 = Eít. But we already have shown mm Eq. 11-8 that the moving 
observer sees ý = yí, where we defne y = (1 — 0?/c?) 12, Hence 
we have the solutlon 


J8) =3 1 
If the moving observer 1s moving to the left with velocity 0, he will 


measure the position of the clock at xƒ = uử. Now substitute this 
Into Bq. 11-16 also putting x = 0, and we obtain 


(u) =0 + Bí 
Or 
j=. 
lẬ 
J9) 6 
Ji = ft\ý 


1s the solution for Ö. 

In order to solve for A, we place the clock at the origin of the 
moving observer (now + = 0) and we invoke the principle of rela- 
tivity by claiming that the statlonary observer sees the clock moving 
off to the left with the same velocity 0; that is, x = —#. Now sub- 
stitute these quantities into Bq. 11-16: 
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RefereII069: 


Pr0lleins 


Substituting Ö = (+yu) gives the solution 
⁄Ạ\ =1 
Bquations 11-16 and 11-17 are now of the form: 


x' = Y# + Yuf (11-18) 
f = yí + Fx (11-19) 
Now to get the final coefficlent #, we must make use of the Invarlance 
of the speed of light. Let a pulse of light leave the origim at £ = 0. 


“Then bóth observers see it move away with velocIty c; that 1s, + = cứ 
and +“ = cứ. So we substitute these values mto Eqs. 11-18 and 11-19: 


cữ = y(c£) + yut 
 =y(+ Ft(c£) 
Now divide the upper by the lower equation to obtain 
TT oáa s06 
y+cF 
Solving this equation for #, we obtaim 
P= 
so 


If we substitute this ¡imto EQq. 11-19 and remember that 
y= 1/VI — 02/c2, we obtain our final result. 


James H. Smith, “Introduction to Special Relativity,”W. A. Ben- 
Jamm, New York, N.Y. 

D. W. Sclama, ““Phe Unity of the Ủniverse,” Anchor Books, Garden 
City, New York. 


1. À proton of rest energy 938 Mev is given a kinetic energy df 
47 Mev. By what percent 1s its mass Increased? 


2. The fact that the gaÌaxiles are moving away from us seems ïn- 
consistent with the generalized prineiple of uniformity. How does 
the cosmological theory of Gold, Bondi, and Hoyle resolve this 
Inconsistency? 


3. By what factor is the density of an object increased when it 1s 
moving with velocity ø? (Distances perpendicular to the direction o£ 
motlon are not contracted.) 


4. I)oes the bending of light near the sun make the stars appear tơ 
move away from the sun or toward the sun? 
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5. WIll a clock on a mountam top run slower or faster than a 
simllar clock at the base of the mountain? 


6. Consider an earth satellite m orbit 100 mi above the earth`s 
surface. Would a clock in this satellite run slower or faster than a 
stationary clock at the same altitude? 


7. Derlve a formula for velocity in terms of Ð, W, and c. The 
formula must be relativistically correct. P is momentum and W is 
total energy (mcludïng rest mass). 


8. How many micrograms does a 100-watt light buÌb radiate away 
1m one year? 


9. The velocity of an object is such that its mass inereases by 10%. 
(a) By what fraction does its length m the direction of motion 
decrease? 

(b) Ifits rest energy is Wo, what is its kinetic energy? 


10. “The rest energy of a proton is 938 Mev. Consider a proton travel- 
mg at one-half the speed of light. 
(a) What 1s its kmetic energy in Mev according to classical 
mechanics? 
(b) What is is kinetic energy in Mev according to relativistic 
mechanics? 


11. The energy fux from the sun at the earth is 2 calories/em?/min. 
How much of the sunÌs mass im grams reaches the earth per year? 
Would you conclude that the earth is getting heavier? 


12. An electron whose rest energy is 0.5 Mev has a kinetie energy of 
1 Mev. What 1s the ratio of its nertial mass to its rest mass? 


13. Suppose a rocket motor could be built which could supply a 
continuous aceeleration of 3ø (as measured by the passengers) to a 
rocketship for one year. The relativistic formula corresponding to 
the classical o = ø# is 


g£ 
g?£2 
c2 


ti = 


At the end of the year what would be the time dilation factor for the 
passengers? 


14. To an observer at rest with respect to partiele 4, partiele A 
appears to decay and emit particle Ø to the right with a velocity 
U = 0.5c. Suppose we observe this same event when particle A 1s 
moving with a velocity ủ¿ = 0.4c to the right. What velocity would 
we then measure for 8? (We see Á moving to the right when it 
decays.) 


1ã. What mass of fissionable material is needed for a 20-kiloton 
nuclear bormnb? 


16. The kinetic energy of a pion is 35 Mev. By what faetor is its 
halflife inereased? 'The rest energy of a pion is 140 Mev. 
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Prob. 22 


17. The relativistie formula for momentum is Ð = Äu. Using 
Eq. 11-11 show that c2P2 = W2 — (Mạc2)?. 


18. The rest energy of the K-meson 1s 495 Mev. Consider a 330 Mev 
K-meson beam (each K-meson has a kinetic energy of 330 Mey). 
(a) What is the total energy of each X-meson? 
(b) What is the rest mass Im grams of the K-meson? 
(c) What 1s the velocity of these X-mesons? 
(d) What is the ratio Ä⁄/Aẹ for the #-mesons in this beam? 
(e) lÝ the halflife of the -meson (when at rest) 1s 1.0 x 10-3 
sec, what 1s the observed halflife of the X-mesons in this beam? 


19. Consider a beam of pions all of the same velocity. The average 
halflfe of the plons m this beam is observed to be 67% longer than 
when at rest; that 1s, 7''/7' = š. The rest energy ofa pion is 140 Mev. 
(a) What 1s the kinetic energy of each pion in this beam? 
(b) What 1s the velocity of each beam pion? 
(c)_ What 1s the ratio of the mass ofa beam pion £o 1ts rest mass? 
(d) What 1s P/MẹC for each beam pion? (Ð is momentum and 
Mẹ the rest mass.) 


20. One complete fringe shift in the Michelson-Morley experiment 
corresponds to a path difference of 4 x 10-5 em. Eor an inter- 
ferometer with 10-m arms and for an ether drift of 0 = 18 mi/see, 
how much of a fringe shift should be observed when the apparatus 
1s rotated 90°? 


21. For a particle oŸ rest mass Ä⁄¿ and velocity , which 1s greater: 
3jMou2, 3u, or 1ts kinetlc energy? 


22. Rocket ship ŠS” moves with speed ò = 0.6c in the ++ direction 
relative to the x axIs sShown 1n the fgure. 'TWo squirt guns (containing 
Ink) are located U = 5m apart on the + axis. The squirt guns are ñred 
sumultaneously according to clocks A and Ö located at xạ and zz. 
The mdividual ink “blots” shot from guns A and Ö strike the rear 
and front wmdows of ŠS“, A' and ', respectively. Observers on the 
ground then claimm that the distance between the windows 4ˆ and 5“ 
1S m, 


0hapter I1 | 236 


(a) What is the distance between windows A'ˆ and ' as 
measured on the space ship? (Using standard meter sticks.) 

(b) Observers on the space ship Š“ carry cloeks synehronized on 
the ship S”. Observers A“ and Ö“ will note, by their time readings: 


B tred before A, 

or Band A fired simultaneously 

or 4A fired before Ö. (They, of course, correct for the time it 
takes light to travel along the spaceship.) 


(c) The observers on ŠS” proceed to make sensible measurements 
of the spacing between the squirt guns A and Ö. How far apart 
are 4 and  as measured by observers on the rocket 9$“? 


23. Suppose the universe is a fnite sphere with radius ?#? and average 
density of 10-?9 gm/cm3. What is the velocity of escape from this 
sphere? (It is Interesting to note that the answer to this problem 
turns out to be close to the observed velocity of recession of galaxies 
atadistance #.) 


24. Ifa source of light of frequency ƒ is moving with a velocity 0 
away from a stationary observer, it can be shown that the observer 
wilÌl measure a lower or red-shifted frequency ƒ“ as given by the 
equation 


lv 


(a) If the observer is moving away with velocity ø from a 
stationary source, what will be the equation for ƒ in this case? 
(b) TÝ the source of lght is moving with velocity ø toward the 
observer, what will be the equation for ƒ“ in this case? (Always 
treat 0 as a positive quantity.) 
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[lIlanntuim tlIe0ry 


12-1  Summary of lassical Physics 
4Modern today, cÏœssicdÌ tomorrot0 


So far in none of our presentation has the fundamental 
constant b = 6.62 x 102?7 erg-sec (Planck's constant) ap- 
peared. Actually it does appear in much of physics. The only 
reason we have so skillfully managed to avoid it is that 1E was 
not điscovered until 1900 by Max Planck, and so far we have 
been presenting physics mainly as it was before 1900. "This 
early physics Is called classical physics. 

Before we Introduce the radically new concepts of quan- 
tum theory, let us stand back and look at the accomplish- 
ments and possible shortcomings of classical physics. With 
Newton”s laws we explained falling bodies, projectiles, earth 
satellites, the motlons of the planets, and other macroscople 
motion. Also Newtonian mechanIcs gave us the conservatlon 
of energy, momentum, and angular momentum. 

From nineteenth-century chemistry It was learned that 
matter Is made up of molecules and atoms. 'This knowledge 
combined with Newton's laws explained away the bịg 
mystery of heat In what we call the kinetic theory of heat. 

The “strange” electrical and magnetic phenomena were 
explained by the concept of charge and by the laws of elec- 
tricity điscovered a century ago that describe the ““strange” 
interactions of both moving and stationary charges. We call 
these laws of electricity Maxwell's equatlons. "The crowning 
achievement of classical physilcs was reached about 1870, 
when Maxwell derived the theory of light as a mathematical 
consequence of Maxwell's equations. Thịỉs, of course, led to 
difficulty In explaIning the ether and the problem of why the 
effects of the ether đĩd not show up in the Michelson-Morley 
experiment. The explanation was given by Eimstein m 1905 
when he revised our fundamental concepts of space and time. 
At first encounter, relativity theory may seem shocking and 
a violation of ““eommon sense.'” However, the physics student 
has an even greater shock ïn store for him when he meets the 
wave-particle duality oŸ quantum theory. 

In the 1890”s the electron was discovered and so was the 
photoelectric effect, which 1s điscussed 1n Section 12-2. By 
1910 E. Rutherford had discovered that all the positive 
charge In an atom must be concentrated In a small, heavy 
nucleus. He demonstrated this conclusively by bombarding 
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Eig. 12-1. Head-on collision of alpha partlcle (mass 7z) with 
an atomic nueleus oŸ mass Ä. 


Before TU S 
collision 
, 1M 
After Um V 
collision C3 


Q.1: What kind of force gives rise to the scattering of 
a-particles observed by Rutherford? 


thin metal foils with a-particles (helum nuclei), with the 
result that a small, but significant number of them bounced 
back with very little loss of energy. The number of œ-particles 
scattered backward determined that the charge of the 
scattering centers (atomic nuclei) was equal to the atomie 
number of the element used times the electronic charge e. 
As shown im Example 1, the energy of the scattered 
œ-particles determmed that almost all the mass of the target 
atoms was concentrated m the target nuclel. 


Example 1 

It is observed that when 5 Mev œ-particles have head-on col]isions 
with copper nuclel they bounce back with an energy of 3.9 Mev. 
Calculate the ratio of the mass of the copper nucleus to that of the 
œ-particle. 

Let mm and Mĩ be the masses of the œ-particle and copper nucÌleus, 
respectively. Let 0 be the imitial velocity and ư' the ñnal velocity of 
mm, and let V be the ñnal velocity of ÄM (see Fig. 12-1). We can obtain 
two sinultaneous equations In these quantitles by applying con- 
servation of energy and conservation of mormentum. According to 
the conservation of energy, the energy given to the copper nucleus 1s 


}M V2 — }mu°? — ‡mU'? 


OF 


I9 = JE (2 — g5 112;-ïÌ 
TY ø'5)) ( ) 


Since ưu and Ware in opposite directlons, the fñnal total momentum 1s 
(MV — mư”). According to the conservation of momentum, this 
quantity must be equal to the total initial momentum which was 7. 
Hence 


(MỸ — mư' ) = mu 


Solving thịs equation for V gIves 
Vv=— ư 12-2 
Tí (u+ 0) (12-2) 


By squaring the right-hand side and equating it to the right-hand 
side of Eq. 12-1, we get 


tì II_ +Ư)2= " + )(0— 0) 


M 
OF 
MU — DU 
1M lò) <Í= Jó 
=*= 
TỦ — Ù 
SA... 
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Ans. 1: The electrostatie force. 


Smee the ratio 0/0 1s the square root of the ratio of the ñnal to initial 
kinetic energles, we have 


"Then 

m l1 — 0.882 

— —=Ú. 

M 1.882 Mư: 
0T 

M = 16m 


Thịs says that the copper nucleus mass must be sixteen times that 
of the œ-particle or helium nucleus. Thỉs amount checks with the 
known atomic weights, which are 64 for copper and 4 for helium. 


Physicists found it impossible to envision a stable atomie 
structure that was consistent both with Maxwell's equations 
and the experiments of Rutherford. They reasoned that the 
“large” size of the atom must be due to electrons m orbits 
which enclose the positive nucleus. These electrons would 
then have centripetal acceleration, and according to the 
Maxwell equations any accelerating charge must radiate 
energy. However, if this were true the electrons would con- 
tinuousÌy Ìose energy and quIckÌy spiral with ever decreasing 
radius into the nucleus. Another difficulty was that accord- 
¡ng to classical theory, atomic radiation as vIiewed Im a spec- 
troscope should appear as a continuous spectrum. However, 
It was known that excited atoms usually radiated only cer- 
taIn điscrete frequencles (they gIve a noncontinuous or lne 
spectrum). A final problem to be explained was why are all 
atoms of the same element exactly the same? Why should 
the electrons of one earbon atom be in exactly the same orbits 
as the elecetrons of any other carbon atom2 This certainly 1s 
not true of the planets of our solar system compared to 
another solar system. 

In summary, we can Ìist some of the phenomena that were 
left unexplained by classical physilcs at the turn of the 
century. 

1. Speclfic heats of gases and solids. Also speclfic heat as 
a funetion of temperature (according to Section 6-8 specTfic 
heats tend to be less than those predicted by the kinetic 
theory). 

2. The photoelectric efect. 

3. A stable atomie structure. 
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Fig. 12-2. A neutral electroscope Is connected to a metal 
plate. When light shines on the plate, photoelectrons are 
ejected and the leaves then become positively charged. 


Q.2: Suppose the photoelectrons in Flg. 12-2 leave the metal 
plate with a kinetic energy of 3 ev, What will be the fñnal 
electric potential of the metal plate? 


4. Atomlc radiation and absorption. Line spectra. 

5. The exact similarity of all atoms of the same element. 

6. The frequency spectrum of radiation emitted by a hot 
body (this phenomenon 1s called black-body radiation). 

7. Radloactivity. 


12-2 The Photoelectric Effect 
All or nothimeg 


Shortly after the discovery of the electron, physicists ob- 
served that when light shines on certam metal surfaces, 
negative charge or electrons are emitted. “This is called the 
photoelectric efect. Figure 12-2 shows how this efect was 
first noticed. A metal sheet was attached to an uncharged 
electroscope. It was observed that negative charge would 
leak of only when the lights were turned on, leaving the 
electroscope with a net positive charge. Modern applications 
of this same effect are door openers, burglar alarms, tele- 
VIsion cameras, and exposure meters. 

According to the classical theory of light, light is actually 
an oscillating electric ñeld which would make an electron 
oscillate. We would expect that some of the electrons might 
be shaken out of the metal into the alr. Since the electric ñeld 
strength increases with light intensity, we would expect the 
maximum energy of emitted electrons to increase with ín- 
tensity. IÝ we keep the mtensity constant and increase the 
frequency, at sufficlently high frequencies we would expect 
to fnd lower energy electrons because the electron 1s sluggish 
in response to higher frequencies due to 1ts inertia or mass. 
Thus classical physics predicts that: (1) electron energy in- 
creases with Intensity, and (2) eleetron energy decreases with 
frequency. By 1900 the experiments had indicated: (1) no 
change m electron energy with intensity, and (2) an increase 
m electron energy with frequenecy! The only efect of in- 
creasing the intensity was to Inerease the number ofelectrons 
emitted per second. 

By 1905 the photoelectriec efect was suceessfully explained 
by Emstein. His explanation also gave additional physical 
meaning to an earlier (1900) hypothesis of Max Planck. To 
explam mathematically the shape of the spectrum emitted 
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kmergy of a pho(on 


Ans. 2: V = +3 volts. This means a 3 ev electron would be 
slowed down almost to rest by the tỉme it got far away from 
the metal plate. 


by hot solids (black body radiation), Planck had postulated 
that light carried its energy in defñnite amounts, or “quanta.” 
Planck assumed that the energy of a light wave had to be an 
integral number of quanta where the energy of each quan- 
tum 1s a new physical constant, ở, times the frequency, ƒ, of 
the light wave: 


W = hƒ 
where. 
h = 6.62 x 10”?7 erg-sec (12-3) 


1s Planck's constant. W is the energy of a singÌe quantum of 
light. These “particles” of light are called photons. Planck 
was able to determine Planck's constant to withim 15% oŸ 1ts 
value. 


kxample 2 

W&© shall find it very useful to have a formula that tells us the 
wavelength of a photon in angstroms provided Its energy W = hƒ1s 
given in electron volts. The derivation is as follows: 


AC € _— Âe — 663 x 1077 x3 x 1019 — — 1986 x10 
—W Thý hƒ (in ergs) — 1.6 x 10-12 (in ev) 
\— 12:39 x 10-5 
—— hƒ(nev) 
12,390 
 ====—=—= 12-4 
hƒ(mn ev) ) 


Warmring: Thịs formula does not apply to electrons and other par- 
ticles oŸ nonzero rest mass. One of the dangers of trying to “learn” 
physics by memory is that one loses sight of where the equations 
come from and to Just what class of phenomena they apply. 


Einstein proposed that in the photoelectric efect one com- 
plete photon 1s entirely absorbed by a single electron in an 
elementary act. The interactlon occurs suddenly, similar to 
the collision of two particles. The electron in the metal now 
has an additional energy equal to 5£. This daring proposal 
actually suggests that light is really made up of particles 
after all. The light particles or photons can only be absorbed 
one at a time and there is never such a thimg as a fraction of 
a photon. This Emstein theory predicts correctly that the 
electron energy should Increase with frequency and that It 
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Eig. 12-3. Plot of K max versus Írequency for a metal having 
a work function %1. 


Ị 


KEmax 


+“ Threshold 
frequency 


Q.3: If the frequency of light striking a metal plate is 
doubled, will the KE of the photoeleetrons be doubled? 


has nothing to do with the Intensity. At first we might expect 
the kinetie energy of the emitted electrons to be equal to Ö/. 
But there are two difficulties: first, most eleetrons which 
absorb photons will lose theïr excess kinetic energy by col- 
lisions and not get out of the metal, and even ïf they do get 
out, most would have a remaining kinetic energy less than ;ƒ. 
The second dificulty is that electrons require a certain 
mìnimum amount of energy to remove them from the metal 
surface because of the attractive force of neighboring atomie 
nuclel. We shall call this energy needed to get out 3W, the 
“work funection.” Pure cesium has a work function of 1.8 ev; 
the copper work function is 4.3 ev. In the most favorable 
case, the extra energy given to the electron (5#) supplies the 
needed energy to get out (3W) plus whatever kinetic energy 
1s left over; that 1s, 


hƒ = %+ KRua 
Or 
I4) S#EW2/ — TỦ (19-5) 


W© call this kimetic energy Kma„ because other less favor- 
able electrons are emitted with less KH. 

If monochromattic light is shined on a pure metal surface, 
say cesium, then electrons wIll be emitted having energies up 
to KEmax. Now lf the frequency of the light is increased, 
KHBmax 1s observed to increase. Jf these experimental results 
are plotted as a function of ƒ, the curve in Fig. 19-3 is ob- 
tained. Note that Planck's constant can be obtained by 
measuring the slope of the curve. 


kxample 3 

A photoelectron from cesium has a kinetic energy of 2 ev. What 
1s the maxinmum wavelength of light which could have ejected this 
electron? 


hƒ= KE + 8W 
hƒ = 2ev + 18ev=3.8ev 
According to Eq. 12-4, 


D2 Đáp 
A- 12/390 n 
3.8 
À =3240 Â 
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Eig. 12-4. Experiment to show wave properties of electrons. 


| Barrler 
Beam ] dụ. —u 
gun SlitA ... 
counter 


Fig. 12-5. Electron distributlons accordimng to classical 
physI1cs. 
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| Both sÌits 


Ans. 3: No. G5); = “Hi ` : 
(KE)n hƒ — *À 


12-3 Wave-Particle Duality 


Particles are tuaUes are par(icles 


Phenomena such as the photoelectric effect indicated that 
light must have the properties of particles along with its 
known wave nature. This behavior of lhight becomes para- 
doxical when one considers Young ”s double-slit experIment 
performed with a light source so faint that only one photon 
at a time can enter the apparatus. Photomultiplier tubes 
which utilize the photoelectric efect can detect the photons 
one at a time. Let us use photomultiplier tubes in place o£ the 
sereen in Fig. 10-18. The distance from source to screen 1s 
typically about 100 em, so each photon “lives” for 


§ 100 cm 


=—==_—--— 
U 3 »x 1019 cm/sec 


= ð >< l8 #Stức 

Tf the time between “clicks” from the photomultiplier tubes 
1s less than thĩs, onÌy one photon at a time reaches the double 
slit. This experiment can be performed (see the Educational 
Services Inc. 8m on double-sÌit interference) and the result 
1s that the Interference pattern remains exactly the same. 
How can owe photon pass through (wo slits? Ône way to re- 
state the question is, how can light have both particle and 
wave properties in the same experiment? "This questlon 1s 
one of the most Important in all of physics and we wilÌ try 
to answer 1t in the following paragraphs. 

It is now known that this wave-particle relationship or 
“duality”” applies to all particles and waves and is the basic 
principle of the modern quantum theory. At frst It may 
sound quite farfetched to claim that material partieles have 
a wave nature similar to that of photons. Before describing 
just what is meant by the wave associated with any particle, 
let us consider the idealized experiment of Fig. 12-4. 

An electron gun shoots a beam of electrons at a barrier 
that has two slits, A and Ö. On the other side there 1s a 
Geiger counter that counts each individual electron that hits 
it. Suppose we count 100 electrons per minute coming from 
slit A (slit B is closed). The counting rate from slit 8 alone 1s 
also 100 counts per minute. If we open only slit 4 and then 
gradually open slit , we would expeet (according to common 
sense and everything we have ever learned) the eounting rate 
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Eig. 12-6. Electron distributlon according to quantum 
theory. 


——- 
N 
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/ ` distribution 
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Eig. 12-7. IDrawing from research paper by C. .Jönsson in 
Zettschrtft fúr Physu, Vol. 161 (1961), showing hls experi- 
mental arrangement for obtaming double-slit imterferenee 
pattern of electrons. 
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to Increase gradually from 100 to 200 counts per minute as 
slit B is opened. However, depending on the position of the 
counter, the true experimental result could be a gradual đe- 
©rease from 100 to zero counts per minute! How can the act 
of opening slit  possibly Infuence those electrons that 
would have gone through slit 4? Another violatlon of com- 
mon sense 1s that a counter position can be found where the 
rate would increase from 100 to 400 counts per tmminute as sÌit 
B1sopened. 'Then there would be twlce as many electrons as 
obtaimed from the direct sum of the two separate con- 
tributions. 

Figure 12-5 shows the expected elassical electron distribu- 
tions at the positlon of the counter as the counter is moved 
across the beam (electron intensity is plotted to the right in 
red). But If we actually do the experiment, we obtaïn a quite 
diferent pattern as shown mm Fig. 12-6! Note that this experi- 
mental electron intensity pattern is of the same type as the 
double-slit interference pattern of light waves. If Dị — ]¿ = 
À, there would be an interference maximum; if Dị — D¿ — 
(N + ‡)À, there would be a minimum ofintensity. As we shall] 
see In the next paragraph, electrons usually have wave- 
lengths much smaller than that of visible light; hence it 1s 
dificult to perform Youngs experiment with electrons. 
However, Ơ, jJönsson m 1961 was able to obtain a genuine 
double-slit Iinterference pattern of electrons on a photo- 
graphic “screen.” The experimental layout 1s shown 
schematically im Fig. 12-7 and the results are shown in 
Flig. 12-8a. 

Each electron produces a black spot at the position where 
1t hits the fÌm. This photograph using a double-slit source 
of electrons 1s the result of thousands of electron Impacts. For 
comparison, Fig. 12-8Ö shows a typical double-slit inter- 
ference pattern using light. 

But how can electrons that we know to be particles of 
defnite mass and charge at the same time be waves? Actually 
this posslbility was first proposed by a student, Louis de 
Brogle, in his Ph. D. thesis m 1924. He proposed that all 
particles must have a wave nature In the same manner that 
hght has a wave nature. 7 he physicqÏ rnterpretation oƒ the 
toaU©-partfIcle dụahify 1s that the tntenstty oƒ the particÌe LUuaue 
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Fig. 12-8. (ø) A double slit mterference pattern of electrons 
Each grain In the photographic negative 1s produced by a 
single electron. For comparison, (ö) 1s the double sÌit interfer- 
ence pattern of light shown In Chapter 10 (Fig. 10-15). Like- 
wise, each graim In the negative is produced by a simgle 
photon. ((ø) was made by Professor C. Jönsson at the ỦnIver- 
sity of Tubingen.) 


(œ) 


g£ any giuen potrnf ts proporttondl to the probabtlity of inding 
the parficle dt that pom(. TÌh1s 1s what 1s meant by the wave- 
particle duality. The word duality 1s perhaps a poor cholce. 
What 1s meant 1s that there is the definite relationship as 
1talieized above between the particle characteristics and the 
wave characteristics of any particle (or wave). le Broglie 
proposed a quantitative relationship between the wave- 
length of the particle wave and the momentum of the 
particle: 


The de Brogbe relaHonship À= (12-6) 


„nã 
}P 
for any particle of momentum ?. 


Examp‡e 4 

Starting with the de Broglie relationship, derive the formula 
W = hƒ for particles of zero rest mass (note that this formula holds 
only for particles of zero rest mass). Relativistically 


P=Mo and MÃ 
c2 
“Therefore 
Ji 1ê, 
c2 


Eor a particle of zero rest mass ø = c and then Ð = W/c. Substitut- 
Ing m 12-6: 


À or W-=hŸ=h 


.. 

W À 

C 
In Eq. 12-6, the wave nature, the left-hand side, 1s đirectÌy 
and intimately related to the particle nature, the rIght-hand 
side. The proportionality constant, h5, 1s Planek”s constant, 
which had previously been deterrmined by phenomena such 
as black body radiation, the photoelectric efect, and the 
hydrogen spectrum. 

The wave-particle duality ralses puzzling questlons that 
require some further physical Interpretation. Let us shoot 
onÌy one electron at a time. Then according to this wave 
plcture, each electron 1s represented by a wave traIn or Wave 
packet that splits equally between the two slits. But we can 
put a geiger counter, cloud chamber, or other particle de- 
tector at slit A and observe that there 1s never 1n nature half 
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Q.4: Assume a thin-walled Geiger counter ¡is placed behind 
slit A only. Whenever an electron goes through slit A It gives 
a “click” in the detector and passes through the Geiger coun- 
ter tube to the screen. If the Geiger counter is turned off (but 
not removed), what will be the pattern on the screen? 


of an electron. We either observe all of a particle, or else no 
partiele at all. Thịs 1s called the principle ofindivisibility and 
Is consistent with the hypothesis that the wave intensity at 
shit A 1s the probability of fnding one whole electron at that 
position. Furthermore, IÝ a detector 1s placed at sÌit A, the 
interference pattern smooths out and the classical result is 
then observed. To be detected, the electron must have an 
mteraction with the detector. According to the quantum 
theory, we then have a new electron wave starting out from 
che poïnt ofinteraction which produees Just a single slit pat- 
tern. On the other hand, 1 an electron appears on the screen 
without being detected by the detector at slit A4, we then 
know Its wave must have gone through slit ö only. Thus the 
presence of a detector changes the result from the inter- 
ferenece pattern of F1ig. 12-6 to the classical result of Fig. 12-5. 
Actually many physicists, meluding Einstem, have tried to 
contrive an experiment that would reveal the slit used by 
1ndividual electrons w1Ithout destroying the Interference, but 
all such eforts have faïled. 

Just what 1s it that waves Im an electron wave? We must 
gIve the same kind o answer we gave for photons. Electro- 
magnetic waves travel freely through pure vacuum. Ïn con- 
trast to mechanical waves, no material of any kind is waving. 
Physicists use the symbol ự for the amplitude of a particle 
wave. The Intensity 1s the square of the absolute value of the 
amplitude or |ý|?. Hence |ử(z)|? is proportional to the prob- 
ability of fnding the particle at position x. The wave ampli- 
tude /(z) has no direct physical meaning, and in this sense 
nothig 1s waving. Ït 1s Just that quantum mechanical prob- 
lems are solved mathematically in the same way that water 
wave or other kinds of classical wave problems are solved. 
Classical waves and particle waves both obey the same kind 
of mathematical wave equation. However, in the case of 
classilcal waves, the wave amplitude is directly observable, 
whereas / 1s not (except In certain special cases for the 
photon). Another nonclassical characteristic of quantum 
mechanical waves 1s that even though the wave intensity is 
always a real positive number, sometimes the wave ampli- 
tude must be expressed as a complex number containing 
V—1. We will not deal with examples requiring complex 
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Fig. 12-9. Set up for Example 5. 
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Eig. 12-10. Intensity pattern of electrons hitting screen In 
Example 6. 


Intensity———*+ 


4—— Screen——> 


Ana. 4: One still observes the classical pattern on the screen. 
'The electrons are stilÌ interacting in the Geiger tube whether 
or not we bother to record those interactlons. 


numbers In thís book. Now we shall illustrate the mathe- 
matics of particle waves by a few simple examples. 


kxample 5 

"There is a Geiger counter at point Pin Fig. 12-9. The part of the 
wave amplitude coming through slit A and reaching poimt ? 1s 
Úa = 2units, and through slit B is ÿgs — 6 units. When only slit A 1s 
open, 100 electrons per second are observed at point ?. 

(a) How many electrons per second are observed when only slit 8 
1s open? 

(b) Assuming a constructive interference, how many electrons per 
second are observed when both sÌIts are open? 

(c) Assuming a destructive interference, how many electrons per 
second are observed when both slits are open? 


Ansuer: We are told that the particle wave mtensity x? = 4 
corresponds to 100 electrons per second. Hence g2 = 36 wilÌ cor- 
respond to nine tìmes as many particles, or 900 electrons per second. 

For part (b) the total wave amplitude 1s ỷ = au + Ủs, or ỷ = 8. 
Since 2 = 64 is sixteen times x2, there will be 1600 electrons per 
second, 

For part (e) „ and s must be of opposite sign to give a destructive 
mterference. Hence ÿ =4 +a=2—6= —4. Now 2= l6 
which is four tỉimes /x?. This corresponds to 400 electrons per second. 


Exampk 6 

What will be the mtensity pattern of a double-slit inaterference 
experiment ïf slit Ö 1s four times as wide as slit 4? 

Ansuuer: Four times as many electrons can get through slit B, 
hence the intensity ;? = 4x2, or s = 24. The total intensity ob- 
served on a screen at a maximum is proportional to (J4 + Ủg)?, 0r 


ng = (ửa SE 24)? = Đửa4? 
At an intensity minimum, we use a minus sign g1ving 


J[sữu = (ở = 2Úa4)? = ỰA? 


"The ratio max _ 9 


mìn 1 


The intensity pattern would appear as 1n Fig. 12-10. 


Exumple 7 

Now we go back again to two sÌits of equal sizes; however, we pul 
a small, thin deteetor behind slit A in an attempt to determine which 
sÏit each electron goes through. Suppose, however, that the detector 
is not perfect; that is, it is so thin that an electron has one chance 
out of four of passing through it without interacting. What now is 
the interference pattern? 
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Eig. 12-11. Intensity pattern of electrons hitting screen in 
Example 7. 


Intensity——> 


=—— Screen ——> 


Q.5: Two light beams strike a screen. There are 3 times as 
many photons per sec 1n beam 1 as In beam 2. What 1s the 
ratio of the electric felds in the two beams? 


Ansuer: Let us call „ the part of the beam going throuph sÌit A 
that 1s undetected and can therefore interfere with the electron 
waves going through sht B. Since only ‡ get through the đetector 
ỨA2? = ]‡pg?. Let us denote the intensity of the detected electrons at 
slit A by 4:2 where ửx:2 = ŸJg? and cannot interfere. We must treat 
«4: as a new localized source of electron waves which have no ñxed 
phase relation with respect to ửz. In such cases of independent (aÌso 
called incoherent) sources of particles one must add intensities, not 
amplitudes. The grand total intensity is then the sum of the two 
Imtensities: 


Ï = (Ủa + Ủn)2 + 42 
Now substitute l}ửg for ử„ and $Jzg2 for „2 


The result 1s đáy _ (lýp † Vn)P + lý p” _ lý + lým _ 3 


lan (Tp — Ủs)? + Ÿ#jp?  lủp? + $jp?— 1 


The resulting interference pattern is shown in Fig. 12-11. If the de- 
tector were removed the intensity minima would be zero and one 
would then have a pure double-slit interference pattern. 


12-4 Electron Diffraction 
An accident 


De Broglie's hypothesis was frst verifed by the experi- 
mental observatlon of electron difraction In 1927 by two 
American physicists, C. J. Davisson and L. H. Germer. Ït is 
Interesting that In this experiment, as in others that were of 
extreme Iimportance to physics, the great discovery was 
“accidental.”” Davisson and Germer were not looking for elec- 
tron diffraction. In fact, In the early stages of their experi- 
ment, they had never even heard of electron diÑraction. In 
1926, Davisson took some of his preliminary data to an inter- 
national conference in Oxford, England. European physicists 
suggested to him that his results might be interpreted as 
electron difraction rather than the classical electron scatter- 
mg that he had been studying. Just a few months later, 
Davisson and Germer obtained data that conclusively 
demonstrated the wave nature of electrons and gave Planck”s 
constant to an accuracy of about 1%. They scattered low- 
energy electrons of the surface of a single metallic crystal. 
The regular rows of atoms at the surface act as the lines of a 
very fine diffraction grating. The electron wavelength is 
determined by knowing the atomlic spacing. 
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Eig. 12-12. (z) Apparatus to observe electron difraction from 
a crystal surface. (b) Surface of crystal same as Im (ø) but 
greatly enlarged. 
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Ans. ð: Sinee the ratio of intensities is $, the ratio of ampli- 


tudes wIll be cm = . 


2 


Exumple 8 
A beam of electrons 1s accelerated through a potential of 100 volts. 
'What 1s the electron wavelength? 


J2 — 
2m - 
P= v2meV = 5.4 x 1019 gm cm/sec 


h _— 669 x 10-2? 
P_ 5.4x10 


KH= eŸ, where eVW = 100 ev = 1.6 x 10-10erg 


— 


= 123% IU 5cm = l23A 


An arrangement for observing electron diffraction from a 
crystal surface 1s shown In Eig. 12-12. The detector could be 
a fluorescent screen, as In the movie film Äœ/(er Waues pro- 
duced by Educational Services, Inc. Planek”s constant can 
be determined by observing the direction Ø at which an m- 
tensity maximum appears. As can be seen 1n Flg. 12-11, the 
path diference AÐ = ở sm Ø and this will be equal to the 
wavelength b/P at the first intensity maximum. Hence 


5= đsin 6 


and 
h = Pdsn0. 


Shortly after de Broglies proposal im 1924, the English 
physicist, G. P. Thompson, set out m a systematic way to 
observe electron diffraction. His method of approach was 
to make higher energy electrons pass through a thin metal 
foil. Since x-rays have about the same wavelength, Thomp- 
son hoped to get an electron diffraction picture similar m 
appearance to previousÌy obtained x-ray difraction pictures. 
By 1928 Thompson obtained electron difractlon pictures 
looking almost the same as x-ray diffraction pictures. Ít 1s 
interesting that in this case the “accidental” approach was 
quicker than the carefully studied, deliberate approach. 'This 
may not ft the reader's conception of the sclentific method, 
but it is true, living sclence. The experiment of Davisson and 
Germer is a good example of a valid scilentifc method. If an 
experimenter observes a strange effect, even by accldent, 
that he does not understand, he should carefully pursue 1t 
unti] it is understood. 

By now interference patterns of neutrons, protons, and 
even whole atoms as well as electrons have been observed. 
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Heisenberg uncertainty principle 


Q.6: Às the voltage on the electron gun 1m Fig. 12-12 1sin- 
creased, will the pattern on the screen expand or contract? 


Ín many diferent ways, the wave nature of matter has been 
very well established. No violations of the theory have been 
found. 


12-5 The Uncertainty Principle 


Noi cuen Mother Nature can knou euerything 


An Interesting consequence of quantum theory 1s that we 
cannot simultaneousÌy specIfy the exact position and velocIty 
of any particle. This “'peculiar” eonsequence of the theory 1s 
known as the uncertainty princIple. Às an extreme example, 
let us assume the exact momentum of a particle 1s known; 
then It has a unique wavelength given by À = »/?P and 1s a 
continuous plane wave. Since the Intensity of this wave 1s 
uniform, 1t 1s equally probable to find such a particle any- 
where ỉn space. Conversely, If we know that the particle is 
located in a smalÏ region of space, 1ts wave function is a short 
wave packet that does not have any unique À (or unique ??). 
Thus it is Impossible to know simultaneously both the exact 
posItlon and velocity ofany particle. W, Heinsenberg showed 
that the uncertaty in momentum, Â?, and the region of 
localization of the particle, Ax, must obey the relatlon 


(Ax(AP)=h (12-7) 


where the symbol ~ means approximately equal. 

Equation 12-7 can be obtained by noting that a localized 
particle or wave packet is really the sum of many pure 
(nfinitely long) sine waves that have almost the same wave- 
length. The heavy curve of Fig. 12-13øơ is a typical wave 
packet oflength U. Note that 1t consists of onÌy two pure sine 
waves of wavelengths À¡ and Àa. Ôver the length Ù wave 1 
contains one more cvcle than wave 2. Then 
CN lang co (12-8) 
Ài Àa 
where Ä 1s some Iinteger. LÝ the two waves are out of phase at 
x=0, they wIll be in phase at x = L/2, and out of phase 
agamn at x = È. The sum of two such waves, shown 1m 
Elg. 12-13, is a typical wave packet of length L. By sub- 
tracting the second equation from the first im Bq. 12-8, we 
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Fig. 12-13. (ø) A typical wave packet of length £. (6) TWwo 
pure sine waves which when added together give the above 
wave packet. 


Sum of Wave 1 plus 
Wave 2 (see beÌow) 


(a) 


Ana. 6: As the voltage Increases, the wavelength decreases 
and so does Ø. Henee the spots move in closer to the electron 
gun. 


have 
J8 n\Y 
MÀ 
CỬ, AI) CS 
Ly — x;j =1 
Now for 1/À substitute P/b (the deBroglie relation): 
Luân ®) 
đi UP 
L(P\ — P;) = h 
or 
(Ax(APD=h 


where Âx = LL 1s the reglon where the particle may be found. 
If ỷ = ị + › where ¡ and ¿ are two pure sine waves of 
wavelengths À¡ and À;, then the probability of finding the 


5 
particle with momentum ??\ is =. and with momen- 
v2 (ửi SIF Ú¿)? 
00g02 Bi ——ố 
(ử: + 2)? 


The thoughtful reader may obJect to thỉs “derivation” 
because pure sine waves are of Imnfinite length and there will 
be other constructive Immterferences not shown mm Fïg. 12-13 
rumning to the left and to the right. However, these outside 
packets can be ““kiled of” by adding in more waves of wave- 
lengths that are close to the average of À¡ and À;. Such waves 
cannot get out of phase very much with our central packet, 
but will get out of phase with the more distant packets and, 
1Ý approprlately adJusted, can cancel all of them out. This 
mathematical procedure, called Fourier analysis, requires an 
immfnite number of pure sine waves using Integral calculÌus. 

Let us now check up on the uncerta?nty prmecIple by trying 
to localize the position of a particle with an optical micro- 
scope. With a microscope, the positlon of a particle can at 
best be located to within about one wavelength of the light 
beïng used. Hence AxÀ. Now If the particle 1s at rest, 
ẤP = 0and we have a violation of Eq. 12-7! Or do we? Let 
us look for some quantum mechanical effect. We used light, 
and the quantum theory tells us that light is quantized into 
photons of momentum Ð = j/À. In order to detect the par- 
ticle, at least one of the photons m the converging beam of 
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Q.7: In Fig. 12-13, is Ax equal to AA? 


light must either be scattered or absorbed by the particle. 
Hence the momentum given to the particle might be as much 
as h/À. The particle then has an uncertainty m its momen- 
tum ẤP = h/Àat the tỉme 1t is observed at a position Âx ~ À. 
If we multiply these two uncertainties together, we get 


(AP)- (Ax) ~ (š) -lÀ) =h 


which checks with Eq. 12-7. In this example we see that 
quantunm mechanics 1s self-consistent. Physicists have 
searched hard for inconsistencies, but none has been found. 


Exampie 9 

Suppose at a time ý = 0 a free electron is observed to be localized 
1n a region Âxo ~< 10~5em. How will the wave packet spread out with 
time? What will be Ax after 0.1 sec? After 1 sec? 

Since the momentum spread in the wave packet is Àø ~ /Axo, 


the velocity spread will be Âu = Áp/mm _ After a time ý, the 
ér A*Xo 


corresponding spread in distance wIll be 


Âx = (ÂU) = Tan: 


For £ = 0.1 sec 


_ — 66x 1027 


“giãn nh 


We see that after I sec the electron will have spread over the entire 
United States. Ít would be equally probable to ñnd it anywhere in 
the United States. It rapidly becomes a hopelessly lost electron. 


In the above example we see that even If we have as good 
a knowledge as possible of the position and momentum of a 
single particle, the amount of knowledge rapidly decreases 
with time. In principle the present quantum theory permits 
an exact determinatlion of the wave function for all future 
time once the mitial Ax's and A?'s of all the particles are 
known. But this ïs of little help in predicting the future since 
the wave function rapidly spreads uniformly over the world. 
We rapidly reach the point of zero information on the loca- 
tions of particles. 

We see that modern quantum theory offers a possible way 
out o a philosophical ''dilemma” posed by classical physics. 
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Ang. 7: No, Ây is the uncertamty in position which 1s E. 


In the days of classical physics 1t was pointed out that If one 
knew the exact positlons and velocities of all the particles in 
the universe at a time đo, one would 1n principle be able to cal- 
culate the future (and past) course of the universe from the 
exact laws of physics. The universe was thought of as one 
giant machine. sing such reasoning, philosophers could 
conclude that all human actions (even human beings are 
made up of protons, neutrons, and electrons) would be com- 
pletely ˆpredetermined. Of course, it was realized that such 
calculatlons of the future or past would forever be Impossible 
because of the enorrmous number of partieles in the universe. 
But still, such reasoning was bothersome to believers in free 
wIlÌ. 

As we see from the uncertainty principle, there is a more 
fundamental obstacle to the carrying out of such calcula- 
tions, thus classical determinlsm 1s no longer “forced” upon 
the physiclst. Thịs does not mean that we can invoke quan- 
tum mechanIes as a proof of free wIll. 

We have encountered examples other than the uncertainty 
pmnciple that equally well refute the necessitv of classical 
determinism. For example, according to the generally 
accepted interpretation oŸ quantum theory, there is no way 
of determining which electron will absorb a photon im the 
photoelectric efect. All we can đo 1s calculate the probability 
that the photon wiïll be absorbed by a given electron. The 
same holds for the position on the screen in Fig. 12-6 where 
a single electron w1Ï]Ì show up. The wave1nterference pattern 
only tells us the probability of fnding a given electron for 
each point on the screen. The same type of phenomenon 
holds for the decay of a radioactive nucleus such as uranium. 
There is no way to tell when an individual uranium nucleus 
wIll decay. According to the quantum theory all we can ever 
know is the probability that it may decay h a given interval 
of tìme. The predicted probabilities can then be compared 
with averages of a large number of observations. 

We see that in the realm of interactions and structure of 
small particles, the quantum theory is radically different 
from the classical theory. If the quantum theory 1s correct, 
as we believe, there Is no hope in studying elementary 
phenomena and the elementary structure of matter using 
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ReferelI00S: 


Pr0lllems 


classical physics. Therefore in the following chapters, which 
deal with atomic structure and associated phenomena, 
classical physics is abandoned and the new conecepts intro- 
duced in this chapter are used. 


R. Feynman, Lecfures on Phys¡ics, Vol. I, Chs. 37, 38, Addison- 
Wesley, Reading, Mass. 

A. Kompaneyets, Bøsic Concepts in Quantum Mechanics, Reinhold 
Pubhishimg Corporation, New York. 


1. What is the total energy ofa photon in terms ofÀ, ở, and c? 
2. What is the wavelength ofa 1-Mev photon in angstroms? 


3. A photon of energy 2 Mev gets converted into a positron-electron 
pair. Ifboth the positron and electron have equal energies, what will 
be the kinetic energy of each? 


4. What is the kinetic energy of a photon? Its rest mass is zero. 


5. What is the mertial or relativistic mass of a photon in terms of 
h, À, and c? 


6. TỶ the relativistic mass of a photon is 10~15 gm, what will be the 
numerical value of its momentum m CGS units? What is the wave- 
length? 

7. What is the momentum of a I1-ev electron? What is its wave- 
length in angstroms? 


8. A photon and an electron both have a kinetic energy of 1 ev. 
Which has the longer wavelength? 


9. Write a formula for the kinetic energy of a nonrelativistic elec- 
tron in terms of its mass, wavelength, and Planck's constant. 


10. For each metal there is a photoelectric threshold, Àa. Radiation 
o£ wavelength greater than Ào will never eject electrons. What is Ào 
for copper ( SŸ —= 4.3 ev)? 

11. A photon ejects a 2-ev electron from a metal which has a 2-ev 
work function. What is the minimum energy of this photon? 


12. The human eye can barely detect a yellow light (6000 A) that 
delivers 1.7 x 10 !8 watts to the retina. How many photons per 
second does the retina receive? 


13. The mtensity of a wave is the square of the wave amplitude. 
Thịs is also true for the matter-waves or probability-waves of the 
quantum theory. Suppose in the double slit experiment, the wave 
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3 4 5 
Units of 10~Š em 


Prob. 18 


7x 10 cm 


amplitudes at a pomt on the screen coming from sÌit A and slit B8 are 
+3 units and +ð units, respectiveÌy and the counting rate from slit 
A alone 1s 60 counts/sec. 

(a) What 1s the counting rate from slit B alone? 

(b) What is the counting rate when both slits are open? 


14. Repeat the above problem for the case where the amplitudes 
at the screen from slit A and slit Ö are +3 and — 5 units respectively. 


15. Suppose three Identical sÌits are used for the electron difraction 
experiment and that the electron counter 1s at a position where all 
waves are In phase. 
(a) TÍ the single slit counting rate 1s 100 counts per sec for each 
of the sÏits by themselves, what 1s the rate when all three sÌits 
are opened up together? 
(b)_Tƒ the mtensity of the beam from the electron gun is doubled, 
by what factor would the above answer be increased? 


16. Thermal neutrons are in temperature equilibrium with objects 
at room temperature. Ất room temperature 7 = 1/40 ev. The neu- 
tron mass is 1.67 x 10~?t gm. What is the average kinetic energy 
of a thermal neutron? What ¡1s the wavelength of such an energy 
neutron? 


17. TWwo very thi sÌits are separated by 0.01 mm. A I-ev electron 
beam Impinges on these slits. A screen is 10 m behind the slits. What 
is the separation between successive minima at the screen? 


18. The figure for Prob. I8 ¡sa plot of the wave amplitude of an elec- 
tron. (Non-relativistic velocity.) 

(a) What is the momentum of the electron? 

(b) What ïs the kinetic energy of the electron? 

(c) What is the uncertainty in position of the electron? 

(d) What is the uncertainty In momentum of the electron? 

(e) What is the wavelength of the electron? 


19. When the author first learned about neutrons, he was taught 

that the neutron is made up of an electron and proton held together 

by electrostatlc attraction. Assume the neutron radIus is 1013 em. 
(a) According to the uncertainty principle, what would be the 
AP of such an electron? The electron must be localized within 
the neutron. 
(b) The lowest average momentum such an electron could have 
would be ‡AP. What would be the energy of suụch an electron 
in Mev? (Use the relativistic relation W = v/nac?)? + P°?c5) 
(c) How much energy Im electron volts is required to overcome 
the electrostatic force and move the electron from 10-13 em to 
Imnfnity? 
(đ) From your answers to (b) and (e), what do vou thỉnk o£ this 
theory of the neutron? 


20. A photon can have a billard-ball-type collision with a single free 
electron. This phenomenon was frst observed by A. H. Compton in 
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1923 and is called the Compton effect. Since the recoil eleetron takes 
away some energy, 3;wu°, the photon is reduced in energy from Öƒ to 
hƒ” where ƒ“ < ƒ. Assume a head-on collision (the photon “bouneces”” 
off the electron and reverses its direction by 180°). 
(a)_ Write an equation in ƒ, ƒ“, and ø based on the conservation of 
momentum. 
(b)_ Write a second equation in ƒ, ƒ“, and ø based on the conserva- 
tion of energy. 
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Eig. 13-1. The three lowest energy electron standing waves 
In a “box” of length L. Note similarity to standing waves on 
a string (F1. 10-9). 


13-1 The Electron Waves in a Box 


A free eÌectron In cqÐiiUIty 


Very crudely, an atom or molecule may be considered as 
a tiny box that has electrons trapped inside it. All atoms and 
molecules have the essential feature of holding the eleetron 
mm a fxed reglon of space. Independent of the exact nature 
of such a box, it will possess certain general quantum me- 
chanical propertles that explain the classical paradoxes of 
why atoms radiate only discrete frequencies, and why atoms 
do not collapse. Flirst we shal] consider the sinplest case of 
a single electron ín an idealized box. Then we shall go on to 
the case of a single electron trapped in the attractive electro- 
static field ofa proton. This second case 1s that of the hydro- 
gen atom. 

Because of the wave nature of particles, a free electron 
confined to a box of length  must behave simllarly to a 
sound wave bounemg back and forth in a room with 100% 
reflecting walls. From Chapter 10 we are familiar with the 
sItuation of a continuous wave being reflected at the end of 
a string or a wall. We recall that when a pure sine wave 1s re- 
fected from the end of a string the result is a pattern of 
standing waves with a node at the reflecting surface (see 
Eig. 10-9). Since the probability of fñnding an electron just 
outside the box is zero, the electron wave function must go 
to zero at the walls of the box. The wave amplitude is deter- 
mnined by the requirement that the total probability for fnd- 
1ng the electron somewhere 1m the box 1s one. 

Fligure 13-1 shows what the electron wave amplitudes look 
like for electrons traveling in the z-direction. Physicists 
usually use the Greek symbol ÿ (psi) for the amplitude of 
the particle wave function. Because of the condition that the 
electron wave must go to zero at the walls, the only permis- 
sIble electron waves are those which have an Integral number 
of half wavelengths in the distance 7. Thus W(Àx„/⁄2) = or 
Àx» = 2L/N where ÄÑ is an integer greater than zero. We see 
that only certain wave functions or electron states are 
permitted. 'Thịis is the same condition as Bq. 10-6 for standing 
waves on a string. Because of the de Broglie relation, 
lq. 12-6, the electron can only have the corresponding 


K 


Eneragy leuels in q box 


Q.1: What is the wavelength of the  = 4 standing wave for 
Flg. 13-1? (PHI im the box.) 


TIM 


momentum values JØy = h/Ày Now substitute (2L/N) 
for À„ 1m the deBroglie relation and obtain Ðy = Wh/2L as 
the only possible values for the momentum. The correspond- 
¡ng energy vaÌues are 


Wy = mV2 =1 


Or 
hề N2 


` Hà -PP2 (13-1) 


Ñ ss called the quantum number and can be any integer 
except zero. Thus the lowest energy the eÌlectron can ever 
have 1s W¡ = h2/8mL2. Thịs ¡s called the zero point energy. 
The electron 1s Just not permitted to have less than this zero 
point energy because no state o£ lower energy exists. (The 
only lower energy state in Fig. 13-1 which goes to zero at the 
walls aÌso goes to zero everywhere else in the box—corre- 
sponding to no electron being present.) In the classical 
theory, the electron would radiate electromagnetic waves 
everytime it bounced (accelerated) against the walÌs until it 
reached zero kinetic energy. Thus we begin to understand the 
feature of quantum mechanics that permits a hydrogen atom 
1n 1ts Ìowest energy state to be stable (it 1s forbidden to col- 
lapse to a state of lower energy because no such state exists). 

When the laws of electrodynamics are applied to quantum 
mechanical phenomena, it 1s found that a charged particle 
can radiate one photon at a time. However, since our electron 
in the box can have onÌy certain definite or discrete energies, 
the possible photon energies it can emit must also be discrete. 
According to the conservation of energy the frequencies of 
this radiation w1l] be given by 


hƒ = Wxy — Wy where Ñ'>w (8+2) 


An electron of energy Wy' can suddenly drop down to a 
lower energy Wy by emitting a photon whose energy is 
(Wy — Wy). For example, an electron In the  = 4 state 
would emit a photon of one of the three following energies: 
W,_— W:, W, T— W;, or W — Wi. The first possibility 
would be followed by either Wa — W or W — W; (which 
would be followed by W; — W¡). The second possibility 
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Eig. 13-2. Energy level điagram for electron im a one- 
đimensional box showing four lowest energies and the six 
possible transitlons. 


would be followed by Wạ — W¡. We see that altogether there 
are six diferent possibilities or values of photon energy cor- 
responding to six diferent frequencles. Hence a box contam- 
ing electrons initially in the  = 4 state would emit a spec- 
trum containing lines of six diferent frequencles. These six 
possible transitions are illustrated as vertical arrows Im 
Fig. 13-2. 

Now we have an inkling of the physical arguments which 
leadïn the case of atoms to a spectrum of discrete frequencles 
rather than a continuous spectrum. It is all because of the 
wave nature of matter which requires that electrons can be 
put only Iinto certain definite standing waves whether con- 
fñned to a box or confined to the region around an atomic 
nuecleus. 


Example 1 

An electron is trapped in a box of length 10-5 cm ïn the z-direction. 
For motion in the x-direction only: 

(a) What is its zero point energy in ev? 

(b) What wavelength “light” is emitted in the transition from the 
Nˆ =2state to the ý = 1 state? 
According to Edq. 13-1 the zero poïnt energy 1s 


Mù¡ = Tn= 6.09 x 10ˆ!'erg = 37.5 ev 
The photon energy 1s 


h2 
ñ/ = Mộ “DU (22 2 
ƒ 8) | Si njLP ( 1 ) 


h/= 3 x 37.5 = 1125ev 
Using Eq. 12-4 which relates photon energy in ev to wavelength in 


Â: À = 12,390/112.5 = 110 Á. This radiation would not be visible. 
It is ultraviolet radiation. 


13-2 The Hydrogen Atom 
A fuazzy-tudlled box 


So far we have treated only the special case in which the 
kinetic energy of the electron is the same everywhere In the 
box. Now we shall diseuss the more general case where the 
kinetic energy can vary as a function of the position in 
the “box.” 

As an eleetron “falls” toward a proton, Its kinetic energy 
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Eig. 13-3. (ơ) Plot of potential energy curve ÙJ{x) corre- 
sponding to box of length L. (b) Wave function of lowest 
standing wave. 


Energy 


U(&) 


(b) 


Q.2: If L were decreased in EFig. 13-3 keeping the depth of the 
well the same, would W increase or decrease? 


Increases. What would be the behavior of the eleetron wave 
function? According to de Broglie, If its momentum in- 
creases, Its wavelength must decrease. In general 
h 
À= PB 
OT 
5... 
V2m(EE) 


For an electron-proton system, W, the sum of the kinetic 
plus potential energy, Is constant. Then KE = W — U and 


Ä== = .—. (13-3) 


V23m(W — U) 


For the hydrogen atom 


Ụ 
bự 


The electron wavelength would then be 


¬"~-.. `... 
V2m(W + e?/r) 


Thus in the general situation of a particle acted on by a force 
one obtains a wave function of continuousÌy changing wave- 
length. In 1925, E. Schroedinger proposed an equation which 
permIts us to construct quantitatively such a wave.* In a 
region of long wavelength (small KE) Schroedinger”s equa- 
tion gives a wave that curves gradually toward the x-axis. 
For larger KE the wave would curve more strongly toward 
the x-axis. For a fñxed value of KE, such a wave would be a 
pure sine wave. However, Schroedingers equation even 
treats the mathematical case of a negative value for 
KE= W_— ÙU (this is impossible classically). In this case 
the wave function curves away from the x-axis. 

Flgure 13-3 is a plot of the potential energy curve (+) 
that corresponds to the walls of a box of length L. For a per- 
fect box with inpenetrable walls, (+) would rise to inñnity 
at the walls. Thịs is called a square well with infũnitely high 
sides which we studied in Section 13-1. Now we shall con- 


* For a “derivation” of Schroedinger”s equation see Appendix 13-1. 
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Eig. 13-4. (ø) A plot of a potential energy somewhat similar 
to that of the electron in the hydrogen atom. () "The corre- 
sponding lowest energy electron wave. 


Energy 


Ans. 2: W would inerease. 


sider a square well with finite sides which is a more realistie 
model of an atom. The energy of the lowest standing wave 
is shown as the horizontal red line in Fig. 13-3ø. Note that 
now the wave functlon ¡ does not qulite go to zero at the 
edges, but that at x = xo there 1s an abrupt change in curva- 
ture. In the region outside the well (x > #o), the quantity 
(W — U) 1s negative and  curves away from the x-axis. In- 
side the potential well, (W — ) is a constant and positive 
corresponding to a constant kimnetic energy, hence  must be 
a pure sine wave In thĩs region. 

Next in Fig. 13-4 we go one step closer to the hydrogen 
atom and consider a (+) that 1s similar to the electron- 
proton potential energy, or for that matter the potential 
energy of an electron in a large atom contaiming other 
electrons. 

We will now follow the convention that the potential 
energy is zero when z is very large; that is, Ư = 0 when 
% = œ. Henece if the total energy W 1s negative, then the 
electron will be bound to the proton. In this potential dia- 
gram the negative energy W is shown as a hor1zontal red line 
as explained on page 107. The vertical distance from this 
line to the curve is then W — Ủ, or the kinetic energy. Note 
that at+x = + the KE is zero. As the electron travels from #o 
toward x = 0,1ts KE increases. Classically the reglon x > #ọ 
1s forbidden. In this reglon (W — ) or the KE would be 
negative. Figure 13-40 shows the corresponding wave func- 
tion. Note that at x = xo the curvature changes and that In 
the classically forbidden region, + > xo, there 1s still some 
probability of fnd¡ng the electron. 

If the value of W (the horlzontal line im Flig. 13-4ø) were 
somewhat higher, the corresponding wave function would 
have greater curvature. Certain discrete values of W will 
then give the required standing waves which must drop off 
to zero for large +. Figure 13-5 shows the three lowest pos- 
sible standing waves. Each corresponds to a different energy, 
Wì, Ws, and W2. Note that as N gets larger, so does xọ. Thĩs 
is a general feature of atoms—the larger the quantum num- 
ber , the larger the extent of the electron wave. 

Now let us consider finally the precise potential well of an 
electron in the hydrogen atom. The potentlial is UŒ) = 
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Hydrogen energy leuels 


Eig. 13-5. The three lowest energy wave functions corre- 
sponding to the potential energy shown in Eig. 13-4z. The 
dashed line shows / for an energy slightly higher than Mì. 


*0 


Q.3: Suppose the dashed lme curve of Fig. 13-5 had been 
drawn for an energy shghtly lower than W. How would it 
look 1Ý it started from zero at x = — œ? 


—€?/r and is plotted in Fig. 13-6. The energles W\, Wz, and 
W2 corresponding to the fñrst three standing waves are 
shown along with theïr wave functions /. In order to get the 
exact values for the energy levels, we must solve Schroedin- 
gers equation with a Coulomb potential. Thịĩs is a problem in 
advanced calculus.* We present the exact solution: 


Wy = - (22) xo (13-4) 
where Ä is any integer greater than zero. The permitted 
energies are all negative because of the convention that the 
potential energy is zero when the two charges are an Infinite 
distance apart. The hydrogen atom electron wave functions 
are somewhat diferent than those of Flig. 13-5 for two 
reasons. They must be three dimensional and the shape of 
UỨứ') 1s somewhat different from that of F1ig. 13-4. FIigure 13-7 
Is an attempt to show how three-dimensional hydrogen 
atoms would “look” 1f they could be seen.† In this figure the 
electron charge density or square of the wave amplitude 1s 
shown. Remember, the probability of fnding a particle 1s 
the square ofits wave amplitude. The views in Fig. 13-7 show 
electrons as If they were clouds with density proportional to 
the intensity of the particle wave. It is like viewimng puffs of 
smoke. As we shall see In Section 13-6, the Ñ = 2 drawings 
and the W = 3 drawings of Flig. 13-7 correspond closeÌy to 
the outer electrons in the atoms from lithium to sodium. 


Orbital angular momentum 

Depending on its eccentricity, a classical planetary orbit 
of a given energy can have any value of angular momentum 
from 0 to mur, where 0 is the circular velocity and r is the 
radius of the circular orbit having the specifed energy (see 


* An approximate derivation 1s given in Appendix 13-2. 

†Occasionally we hear ¡† said that it is mpossible to draw a picture oŸ an 
atom, or, that these electron clouds are not real im the sense that they can 
never be observed. It 1s true that whenever an electron is observed, 1t 1s ob- 
served at a single point rather than as an extended object. However, from 
another point of view, these electron clouds can be observed and hence are 
real. In principle the charge distribution of a certain type of atom could he 
rmeasured ín the same way as the charge distributions inside the proton and 
neutron have been measured. As explained in Chapter lỗ thịs 1s done by scat- 
tering a beam of eleetrons on the object in question and carefully measuring 
the pattern of scattered electrons. 
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Eig. 13-6. (ø) Plot of the electron potential energy in the 
hydrogen atom showing the fñrst three energy levels. (b) The 
corresponding hydrogen wave functions (for / = 0). 


/ì 


Ứa 


Ans. 3: It would never cross the x-axis and 1t would go to 
+ as xz approached + œ. 


Eq. 5-1). However, a particle in a standing wave can have 
only certain điscrete values of angular momentum in the 
same sort of way that the energy can have only certain dis- 
crete values. A rigorous derivation of the quantized values 
of the angular momentum would require the use of Schroed- 
inger)s equation and higher mathematics. However, we can 
get some idea of what 1s goïng on by the following plausibility 
argument. At a ñxed value of r, let us examine the standing 
wave of the electron as we make one complete trip around the 
circumference 2zr. Along this path can Increase and de- 
crease in a sine wave pattern, but If it is to have the same 
value when we get back to the starting point, then it must 
have an integral number of wavelengths. Let 7 stand for this 
Integer. Hence 


27r — ÌÀi 

But 
Sóc 
h=”, 

OY 
=¡h 
“=.. 

and 
` óc 
250 = UUC 


which is the angular momentum. This is a very general re- 
suÌt. Orb#al angular momentum can onljy hque the uaÌues 
lh/2m uuhere Ì is any posiHue mmteger including zero. The 
maximum possible value of 7 is determined by the relation 
1= 2nr/À, or by the minimum possible value of À¡. Thịs in 
turn is determined by the maximum possible curvature the 
wave can have, which is determined by how large the kinetic 
energy can be as shown in Figs. 13-5, and 6. As we might ex- 
pect the result is that these “circular waves” oŸ wavelength 
À; can have no more oscillations than the “radial waves” 
shown ỉn Flg. 13-6. The result is that the maximum possible 
value for /1s (N — 1). 

So far we have only discussed the magnitude of the angulÌar 
momentum vector. As we might expect, not only 1s the mag- 
nitude quantized but also the direction. The direction Is 
specified by another quantum number, m;, which can be any 
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Eig. 13-7. The lowest energy electron wave Intensitles (or charge densities) for the hydrogen atom. }> 
These drawings are proJectlons on a plane of the three-dimensional Schroedinger wave intensities. 
Side and top views are shown for each value of W, /, and w up to N-3. 


W=323i=1,mạ= =Ì1 .= 


1A 


TOP AND SIDE 


N=3,!=0,m, =0 


“—-.>~ 
1A 


Eig. 13-8. Direction of quantized angular momentum veetor 
in terms of the quantưn numbers / and 7z;,. 


z aXIS 


Q.4: How many different electron wave functions are there 
for N = 3? 


integer from — to +. The physical meaning of mạ is that 
the quantity z;h/2z is the magnitude of the component of 
the angular momentum vector along a specified direction 
(usually called the z-axis). In Fig. 13-7 this specified direction 
1s the up-down direction. Classically the angular momentum 
vector would look asin Fig. 13-8 where Ø is the angle between 
the angular momentum vector and the z-axis. The quantized 
angle Ø is determined by the relation 


" 2m _ mụ 
cos Ø = tệ) ] 
27 


AItogether three quantum numbers, , 7, and 7m, are needed 
to speclfy completely a three dimensional electron wave 
function (or “orbit”) in the hydrogen atom. Figure 13-7 
shows the electron clouds corresponding to the various 
possIibilities for j and m; up to Ý) = 3. 

We see that the (N = 2, = 0) and (N = 2,!= 1) standing 
waves look quite diferent, and in general we would expect 
them to correspond to diferent energies. However, the 
Coulomb potential U = —e?/r has the special feature that 
the energy depends only on and not on ¿. Hence Eq. 13-4 
works for all values of ? having the same Ä. As we shalÌ see 
when we get to multielectron atoms, the potential seen by 
the outer electron is not just that of a pure point charge at 
the nucleus, and then the energy does depend on / as well 
asN, 


Exơmpie 2 
How many different electron wave funetions are there for ý = 3? 
For ý = 2 there are only two possible values of 7 (j = 0and / = 1). 
For ¿ = 0, the only possible value of zm¿ is 0. For j = 1 there are three 
possible values of m; (— 1, 0, and +1). Thus there are three (/ = 1) 
wave functlons plus one (j = 0) wave function, or a total of four 
possible “orbits” for ý = 2. 


13-3 The Hydrogen Spectrum 


A trial and error ƒormula 


In thís section the atomic spectrum of hydrogen will be 
studied. For a review on the theory and construction of a 
spectrograph, see page 254. 
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Fig. 13-9. The Lyman series of lines In the hydrogen emission 
spectrum. 


À8, S) % 
" 
| | | | 
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500 A 1000 A 1500 A 


Ans. 4: The Increase over ÄÝ = 2 comes from  = 2 which 
contributes 5 possible values of mự. Hence the total 1s 
5+4=09. 


According to the conservatlon of energy (see Eq. 13-2) all 
the lines Im the hydrogen spectrum must obey the relation 


hƒ = Ww — Wy where Ñ >jỤ 
According to Rq. 13-4 


"Thus 
H= 13.6 tủy = x2) ` (13-5) 


The numerical coefficlent of 18.6 ev 1s obtamed from the 
known values oŸ?n, e, and ồh. 

Hydrogen gas at room temperature has virtually all of its 
atoms In the ground state and emits no light. However if the 
gas 1s heated to very high temperatures, some of the atoms 
are excIted to higher energy levels. An electron Im a higher 
energy level wIll make a transitlon to a lower level by 
emitting a photon of the corresponding energy diference. Ân 
atom or electron having more kinetic energy than 10.2 ev 
can in a collision with a hydrogen atom gIve up exactÌy 
10.2 ev of Its kmetlc energy In excIting the hydrogen atom 
from W) to Wa. Note that Wa — W) = 10.2 ev. 


Example 3 

For transitions to the ground state, what 1s the longest wavelength 
light that can be emitted? Is it visible by eye? 

According to Bq. 13-4 


hƒ = 13.6 E: - ¬ 
12 N2? 


The cholce “ = 2 will give the smallest ƒ or largest À. 
hƒ = 13.6(1 — }) = 10.2 ev 


12,390 
N=—. = 1210 Â 
10.2 


Since the visible spectrum 1s 4000 to 7500 A, this line could not be 
seen by eve. 


The entire serles of lines for  = 1 would form the spec- 
trum shown in Fig. 13-9. Thịs ¡is called the Lyman series and 
was discovered in 1906 using ultraviolet spectroscopy. Notice 
that the series is an Infnite series of lines converging on the 
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Eig. 13-10. All possible hnes m the hydrogen spectrum up 
to À = 7000A. 


Lyman = (N=]1) 


wavelength 908 Ả which corresponds to Ñ' = œ. According 
to Eq. 13-4 an infñnite quantum number corresponds to Zero 
energy or an ionized hydrogen atom (a free electron and 
proton at large distance). Hence, If 13.6 ev of energy Is given 
to a hydrogen atom in 1ts ground state, the electron will have 
enough energy to escape from the proton. This particular 
value of 183.6 volts is called the lonlzation potential of 
hydrogen. 

For Ñ = 9, the lowest four values of W(N' = 3, 4, 5,6) 
give lines in the visible region (see Figs. 13-10 and 11). In 
1885 only these four lines of the kydrogen spectrum were 


Balmer series (N = 3) 


NM.=eœ, i6, 


F Ã 0s 


1000 A 


Eig. 13-11. Photograph of hydrogen spectrum obtaimed using 
an ultraviolet spectrometer. From (Conceptfs oƒ Modern 
Physics, by Arthus Beiser, Copyright 1963, McGraw-HHH, 
Inc. McGraw-HiI Book Company. Ủsed by permission. 
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——z Violet ~ Green 
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known. That year a Swiss schoolteacher, Johann Balmer, 
using trial-and-error discovered the following numerical 
relation among these four lines: 


/= CÍ% ~ a) 

where C is a constant equal to 3.29 x 1015 cps. Balmer pre- 
dicted there should be a fifth line corresponding to “ = 7 of 
wavelength 3970 Á, which should be at the extreme ]ow end 
of the visible spectrum. “This and other lines for Ñˆ > 7 were 
then promptly discovered. Balmer also speculated that the 
term 1/22 In his formula might be replaced by 1/12 or 1/32 to 
predict even more lines in the ultraviolet and Infrared 
reglions, respectively. These two serles of lines, discovered im 
1906 and 1908, are called the Lyman and Paschen serles, 
respectively. Thus in the early 1900”s the numerical form of 
Eq. 13-5 was sitting and waiting for somebody to invent a 
theory that would produce this equation out of fundamental 


physical constants such as the charge and mass of the elec- 
tron. The first man to do this was Niels Bohr in 1918. 


Example 4 
Three lines having frequencies ƒñ = 1.2 x 1015, ý = 2.0 x 101, 
and # = 2.5 x 1015 cps are observed in the absorption spectrum of 
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an unknown element which we shall call Element 3. 'The problem 1s 
to fnd six lines which should appear in the emission spectrum of 
this hypothetical element. 

An absorption spectrum 1s obtaIned by passing a continuous spec- 
trum through the gas of Element Ä in the ground state and appears 
as dark lines in a continuous spectrum. Only those frequencies are 
absorbed which correspond to transitions from the ground state to 
higher energy levels; that is, each of the above three lines is a transi- 
tion from the ground state to a higher energy level. Let us call W¿ 
the energy of the ground state, and Wp, We, Wp the three higher 
energy levels giving rise to the observed frequencies ƒ, ƒạ, and ƒạ as 


Eig. 13-12. Figure for Ðxample 4 showing the six uc shown In Flg. 13-12. The transitlons Wp to W¿, Wc to W¿, and Wp 
transitions between four energy levels. to W¿ wIll appear ín the emission spectrum as well as m the absorp- 
: tion spectrum. The three transitions Wp, to Wc, Wp to Wy, and W@ 

a0 10 15 eps to Wg do not mvolve the ground state and can onÌy appear m the 


emlssion spectrum. Because of the relatlon W = “/, the energles are 
directly proportional to their frequencles. We can draw a vertical 


=Slh W 
® si „ frequency scale and read of that the frequency for the transition 
"ma sa. Wc (Wp — Wc) is Just (ƒs — ƒs) = 0.5 x 1015 cps. The other two Íre- 
s quencIes are 
? 

§ f W fpn = (ƒa — fn) = 1.3 x 1015 cps 

s 1.0 : B and 

¬m d 

° Ícg = (ƒ› — ñh) = 0.8 x 1015 cps 
hf hịa  |hía 


13-4 The Bohr Model 


The step beHueen cÌlassicql and modern 


The big breakthrough in physics came about 1926 with 
the swIft development of quantum mechanics. However, 13 
years earller Niels Bohr proposed a theory that very 
accurately explained the entire hydrogen spectrum and aÌso 
provided a physical model for a stable atomic structure. 
Bohr tied together Balmer's formula and the photon con- 
cept of Einstem and Planck. He reasoned that there must be 
certain definite energy levels in the hydrogen atom and that 
according to the photon concept the differences in these 
energies would give rise to photons of energles h/. If Balmer'S 
formula 1s multiplied by Planek”s constant, we obtaIin 


hƒ = 186 b5 — xz}ev 


“This suggested to Bohr that the hydrogen energy levels must 
be Wy = —13.6(1/N?) in ev. These energy levels and the 
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Eig. 13-13. "The five lowest energy levels of the hydrogen 
atom are shown In red. The corresponding quantum jumps 
or spectral lines have frequencles proportional to the lengths 
of the arrows. The first three red lines are the same as those 
of Flig. 13-6a. 


Q.5: In a circular Bohr orbit the magnitude of the potential 
energy 1s equal to the KE. True or false? 


eorresbponding quantum Jumps or spectral lines are shown in 
Fig. 18-13. Now Bohr was faced with the problem of how to 
derive these energy levels from theory alone. Bohr's theory, 
although now known to be wrong, is so simnple and of such 
great historical importance that we present it here. Bohr 
thought of the possible electron orbits as cÌasslcal cireular 
planetary orbits and he looked for some rule that would 
allow only certain energles or orbit radi. The rule he ín- 
vented was that the angular momentum 


mu — N-h 


TP (13-6) 


Note that the Bohr postulate differs from our present knowl- 
edge of the hydrogen atom in two ways. First, we now know 
that classical orbits do not apply and that the electron must 
be expressed as a wave. Second, we know that the angular 
momentum 1s not N(h/2z), but 1t 1s (5/2), which 1s always 
less than Bohrs value. TThus we must consider it as somewhat 
ofa luecky accident that the Bohr theory leads to the correct 
hydrogen energy levels. As most of us have already ex- 
perlenced, 1t 1s not uncommon to get the right answer for 
the wrong reason. This can even happen to great men. 

W© shall now go through Bohr's derivation of the energy 
levels of an electron 1n the field ofa nucleus of charge Ze. The 
Bohr postulate (lBq. 13-6) gives for the radius of the Wth 
orbit 


jnyn". 


2zmu "2A0 


Since the centripetal force 1s supplied by electrostatic attrac- 
tion, we have 


m2 — Ze° 


ly — „2 
OF 
MU? — TT = —Ù_ (the potential energy) (13-8) 
N 
and 
Zc2 
22 — 
SƯ: mÌẦy 


When we substitute the right-hand side of Bq. 13-7 mto the 
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knergy leuels oƒ single elecfron 
and nucleus oƒ charge Ze 


Radius of Bohr atom 


Anas. 5ð: False. The correct relation 1s }zwu? = —3. 


above equation, we have 


Ze2 
Nh 
“c S) 


_ 2nfc2 
w.. 


U2 = 


and 


(18-9) 


The energy level Wy is defned as 
Wx= KE+ 


According to Eq. 13-8,  = —mu2, so the above equatlon 
becomes 


Wy = ‡mu2 — mu2 = —}mu2 (13-10) 


The fñnal result is obtained by squaring the right-hand side 
of Hq. 13-9 and substituting 1t into the right-hand side of 
bq. 13-10. 


2n2mZ/2e1 1 Z? 
'Thịs 1s the same answer as Is given by the present-day theory 
of quantum mechanics (see Eq. 13-4). Bohr's model also øg1ves 
a simple answer for the size of atoms. The formula for ?y 1s 
obtaïned by substituting Bq. 13-9 into Ha. 13-7. Then 


gu âu " Chống 
For the ground state of hydrogen (V =1, Z= 1), lị = 
h2/4n2me2 = 0.53 Â. Thịïs 3s in close agreement with the size 
of the electron cloud predicted by quantum mechanIics (see 
Fig. 13-7). For the  = 2 state, the Bohr formula predIcts 
an orbit four times larger in diameter. This 1s also In good 
agreement with Flig. 13-7. An approximate derivatlon using 
the modern wave theory 1s g1ven in Appendix 13-2. 


Example ð 

In the ground state Bohr atom what 1s the electron velocity m 
terms of the speed of light? 

Dividing Ea. 13-9 by e and setting Ñ = 1 gives 


0hapter 13 | 338 


Eig. 13-14. Scale drawing of the fñve lowest Bohr orbits m 
hydrogen showing possible electron transitions. 


"mì... ... 
"“—=  =a......=....-......¬ắ 


Q.6: A nucleus of charge Z has (Z — 1) singly charged nega- 
tive particles attached to it. What would be the spectrum 
emitted by a single orbital electron? 


cá S 2n? 
€ he 
For the hydrogen atom Z = Land 0/c = 2ze?/hc = 1/18ï. 


kxample 6 

What is the relationship between the spectrum of He* and the 
hydrogen spectrum? 

Singly lonized helium (He*) consists of a helium nucleus (Z = 2) 
with just one orbital electron. Putting Z2 = 4 into Eq. 13-11 gives 


)ð"“=ÔÐ (q:) ev 


"Thus the photons emitted by He+* will have the energles 


lÚ l 


which is exactly a factor 4 greater than that for hydrogen. Similarly 
the Lñ††* spectrum can be obtained from the hydrogen spectrum by 
just multiplying all the hydrogen frequencies by the factor Z? = 9. 


Bohr visualized atomic radiation as an electron suddenly 
“lumping” from an outer circular orbit to an inner orbit. 
Figure 13-14 shows the five lowest Bohr orbits for hydrogen 
drawn to scale. The arrows indicate the Jumps corresponding 
to lines in the Lyman, Balmer, and Paschen serles In the 
hydrogen spectrum. Note that the lengths of these arrows 
are not proportional to the photon energles as 1n Flig. 13-13. 

The Bohr model was quite successful. Ít predicts the slze 
of the atom, and the prediction checks fairly well with the 
experimental measurements. It yields an expression (the 
Balmer formula) for the wavelengths of all lnes of the hy- 
drogen spectrum, and this expression checks very closely 
with the measurements. It also gives the numerical value of 
the constant in Balmer's formula in terms oŸ #, e, e, and h 
only, and it provides us with a visualizable model (which we 
now know Is incorrect). The model explains atomlic radiation 
as due to orbit J]umps, regardless of whether the correspond- 
¡ng spectral lines are known or as yet beyond the detection 
region of existing instruments. Another success of the Bohr 
model is that it correctly predicts that the spectra of He", 
LïT+*, Be*†*, etc., would have the same form as the hydrogen 
spectrum. According to Bq. 13-11 such frequencies would 
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Fig. 13-15. Niels Bohr sking at Los Alamos. (Courtesy 
Mrs. Laura Fermi and Ủniversity of Chicago Press.) 


Ans. 6: Since the net charge of the shielded nucleus 1s Z = l1, 
the spectrum would be that of hydrogen. 


be Z2 times the hydrogen frequenecles. Thịs checks with ex- 
periment and the modern theory. However, a serious failure 
of the Bohr model is that It is unable to explain the spectra 
ofun-lonized atoms starting with helium (a nueleus of£Z = 2 
surrounded by two electrons). Although complicated by 
three mutually interacting particles, the helium energy 
levels can be caleulated using quantum mechanics. Using the 
modern theory and electronie computers, the helium spec- 
trum has now been calculated to great accuracy and found 
to check with experiment. Physicists and chemists are con- 
fñdent that present-day quantum mechanics can In prineiple 
explain all atomic spectra and chemical properties. 


13-5  Atomic Structure 


“The underlying physical lqus necessary ƒor the 
mathematicadl theory oƒ a large part oƒ physics and 
the tuholÌe goƒ chemistry are [not] complÌetely knoun.” 
P..M. Dưac (1929) 


In an atom with many electrons Bohr postulated that 
only 2 electrons can be in the  = 1 shell, 8m the ý) = 2 
shell, 8 in the W = 3 shell, 18 in the N = 4 shell, 18 m the 
N=5, and 32 in the V6. This was to explain the 
periodicity 2, 8, 8, 18, 18, 32 observed in the chemical and 
physical properties of the elements (see Figs. 13-18 and 13-21 
and also 'Table TV) at the end of the book. 

Figure 13-16 shows pictures of such atoms constructed by 
Bohr's enlarged theory. These rules of how many electrons 
go in each shell were “*arbitrarily”” made up by Bohr to helÌp 
explain the chemical properties and lonization potentials of 
the different elements. As we shall soon see, Bohr”s predIction 
for the number of electrons in W = 3 and Ä = 4 shells was 
incorrect. Physicists begin to suspect a theory when 1t de- 
pends on too many “arbitrary” postulates such as Bohrs 
theory of the atoms. Most physicists and philosophers feel 
that nature must be simple and that the smaller the number 
of postulates or fundamental principles, the cÌoser we are to 
physical reality. 

To the best of our present knowledge modern quantum 
theory, which is based on very few postulates, explains all 
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oÊ atomlc structure and all of chemistry. Since atoms consist 
of many electrons, we must fñrst discuss what happens in 
quantum mechanIcs when there is more than one identical 
particle trying to occupy the same region in space at the 
same time. According to classical physics, no two bodies can 
occupy the same space at the same time. However, this 
classical concept is completely foreign to quantum mechan- 
ics. [Ý electromagnetic waves can pass through solids as they 
do, then certainly photons can occupy the same space as 
other particles. In fact, as many photons can be crowded into 
the same quantum state as is desired. But then why are not 
all the electrons of all atoms normally in the  = 1 state? 
Thịs would surely be the lowest possible energy state for an 
atom. 


The exclusion principle 

In 1925 W. Pauli observed that if one postulated that no 
more than two electrons can occupy the same state or elec- 
tron orbit, then the electron structure of atoms would auto- 
matically be explained. For example, in the W = 2 shell, the 
angular momentum quantum number 7 can be 0 or 1. But for 
/ = I1 there are three possible states Corresponding to the 
quantum number 7z; = —1, 0, and -L1. Thus there are a 
total of four states which, if they can hold two electrons 
each, make up a ““shel]" of 8 electrons total. Back in 1925 the 
Pauli exclusion principle was just another “arbltrary” 
postulate. 


klectron spin 

However, in 1926 it was discovered that every electron has 
an intrinsic angular momentum of magnitude 2(h/2m). Thịs 
can be visualized by thinking of an electron as a “spherlcal” 
mass spinning around an axis of rotation with a ñxed angular 
momentum of 3(b/2z). Thịs intrinsic spin can never be in- 
creased or decreased. It is unique for each type of elementary 
particle. Shortly after the discovery of electron spm P. M. 
Dirac, Pauli, and others found it possible to work out a satis- 
factory theory of what we call spin-} particles. One of the 
requirements ofsuch a wave theory of spin-‡ particles is that 
the quantum mechanical equations should predict the same 
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Fig. 13-16. 


Scale drawings of the eleetron orbits of some atoms according Ì* 
to the Bohr theory in 1923. 


Bohr” picture of the radium atom. 
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physical results Independent of the velocity of the observer. 
When the relativistic equations were found which met these 
requirements, they also automatically obeyed the Pauli 
exclusion prineiple. So it turns out that the exclusion prin- 
ciple is not another arbitrary postulate pulled out of the air, 
but 1t seems to be a direct consequence of the intrimsie spin 
of the electron. Just why the electron has the mass, spin, and 
charge that it does are problems still to be solved. 

We shall now go through part of the periodic table element 
by element. 


13-6 The Periodic Tahle of the Elements 
The physics oƒ chemistry 


The purpose of thỉs section is to illustrate how we can 
deduce chemical properties of the elements without re- 
sorting to chemistry experiments. In principle, all of chem- 
istry can be deduced from the theory of the spin-‡ electron. 
In actual practice, however, the chemical properties of all 
the elements are determined by experiment; the calculations 
are too difficult to bother with. 

Now that we are armed with the exclusion priciple, we 
can speclfy where each electron goes In an atom. For 
example, consider a bare neon nucleus (Z = 10). Ïf it is given 
Just one electron, the electron will quiekly drop down to the 
XÑ = 1orbit. The same is true for a second electron. These 2 
electrons completely fill up the W = 1 orbit. TÝ the 8 remain- 
ng electrons are given to the neon nucleus containing two 
4Ý = I1 electrons, these 8 electrons will completely 8l] up the 
four possible ) = 2 orbits. These 4 orbits are the (j = 0), the 
(=1, my = —1), the (Ì= 1, mị= 0), and the (= l1, 
mị —= +1). W© shall now systematically describe the atomic 
structures predicted by the quantum theory, starting with 
hydrogen. We shall see that without resorting to detailed 
calculatlons, it is possible to give numerical estimates of the 
valences and lonization potentials of each element. 


Z= l (hydrogen) 
We have completed our discussion of this case. The single 
electron is in the W = I state which has an energy of 
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Eig. 13-17. Wolfgang Pauli. (Courtesy American Institute of 
Physics.) 


—13.6 ev. Thus the binding energy or Ionization energy 1s 
13.6 ev. Since lon1zation potential is the minimum voltage 
required to lonize an atom, the lonization potential of hy- 
drogen 1s 18.6 volts. The 1on1zation potentials of the elements 
are plotted versus Z mm Fig. 13-18. Note the periodicity pat- 
tern 2, 8, 8, 18, 18, 32. 


Z= 2 (hehum) 

We have already noted that the helium lon HeT* which has 
a single electron must have the same energy levels as hydro- 
gen, only four times as great. This ís due to the factor Z? in 
Eq. 13-11. The ionization potential of He* would be 4 x 138.6, 
or 54.4 volts. Thhis checks with experiment. 

lf a second electron is brought near He? it wiïll frst see an 
obJect that appears to have a charge of (Z — 1). But when 
this second electron gets down to the  = 1 shell, half the 
time 1£ 1s closer to the nucleus than the original electron and 
then 1t sees a nuclear charge of Z. The straight average of 
these two values 1s (Z — ‡). Thus we prediet that the efec- 
tive nuclear charge wlll be Z¿¿¡ = l.5e for an electron m 
helium. We can generalize Eq. 13-4 to read 


2 
“ẳt 
N» 


l2yn =m =¡lSM® eV 
where Z4: depends both on Ä and ¿. From this estimate of 
Z2, we would expect the lonization potential of helium to be 
about (1.5)? x 18.6, or 30 volts. Actually, because of the posi- 
tive potential energy of repulsion of the two electrons we 
would expect the binding to be not quite so large. Experi- 
mentally the lonization potential of helium 1s 24.6 volts. This 
1s the highest lon1zation potential of any element. Helium 1s 
very Inert chemically because of its large Ionization potential 
and because there 1s no more room for a third electron in the 
Ñ = Ishell. No chemiecal forces are strong enough to suppÌy 
24.6 ev in order to form to positive lon He”, If we tried to 
form the negative ion He”, the extra elecetron must be n a 
Ñ = 2standing wave which 1s well outside both the nucleus 
of charge +2e and the two  = 1 electrons of negative 
charge. Hence the net charge at the center of the Ý = 2 wave 
1s zero and there 1s no attractive potential avallable to hold 
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1 Hydrogen 

2 Helium 

3 Lithium 

4 Beryllium 

ð Boron 

6 Carbon 

7 Nitrogen 

8 Oxygen 

9 Fluorine 

10 Neon 

11 Sodium 

12 Magnesium 
18 Aluminum 
14 Silicon 

1ã Phosphorus 
16 Sulfur 

17 Chlorine 
18 Argon 

19 Potassium 
20 Calcium 
21 Scandium 
22 Titanium 
23 Vanadium 
24 Chromium 
25 Manganese 
26 Iron 

27 Cobalt 

28 Nickel 

29 Copper 

30 Zinc 

31 Gallium 
32 Germanium 
33 Arsenic 
34 Soelenium 
3ã Bromine 
36 Krypton 
37 Rubidium 
38 Strontium 
39 Yttrium 
40 Zirconium 
41 Niobium 
42 Molybdenium 
43 Technetium 
44 Ruthenium 
4ã Rhodium 
46 Palladium 


lonization potential (electron volts) 


b9 
=. 


Số 


Eig. 13-18. lonization potentials of the elements up to ura- 
nium are presented ín this chart; the noble gases are shown 


m red. 


47 Silver 

48 Cadmium 
49 Indium 

50 Tin 

51 Antomy 

52 Tellurium 
53 lodine 

54 Xenon 

55 Cesium 

56 Barium 

57 Lanthanium 
58 Cerium 

59 Praseodymium 
60 Neodymium 
61 Promethium 
62 Samarium 
63 Europium 
64 Gadolinium 
65 Terbium 
66 Dysprosium 
67 Holmium 
68 Erbium 

69 Thulium 
70 Ytterbium 
71 Lutetium 
72 Hafnium 
73 Tantalum 
74 Tungsten 
75 Rhenium 
76 Osmium 
77 Iridium 

78 Platinum 
79 Gold 

80 Mercury 

81 Thallium 
82 Lead 

83 Bismuth 
84 Polonium 


86 Radon 
87 Francium 
88 Radium 
89 Actinium 
90 Thorium 
Protactinium 
92 Uranium 


91 


lonization potential (electron volts) 
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Eig. 13-19. Modern picture of a lithium atom. The W = 1 
eleetron cloud is in red and the outer electron (N = 2) isn 
8Tay. 


an W= 23 wave; that is, for Ñ = 2, Z4¡= 0. ConsequentÌy 
helium does not form molecules with any element. It and the 
other closed shell atoms are called the noble gases. Several 
of the heavier nobÌe gases can fÍorm certain speclal 
compounds. 


Z= ð (hthium) 

Doubly ionized lithium Lï*? will have a hydrogen-like 
spectrum with the energy levels (3)? or 9 times that of hydro- 
gen. SIingly ionized lithium has a helium-type spectrum with 
a Z2rr of about (3 — ‡) instead of the (2 — ‡) for helium. Be- 
cause of the exclusilon principle, neutral lithium must have 
its third electron in the ) = 2 shell. For this electron Z4 
should be somewhat larger than one. Thus we expect the 
Ion1zation potential of lithium to be somewhat more than 
18.6/N2 = 13.6/22 = 3.4 volts. The experimental value is 
9.4 volts which corresponds to a Z4 of 1.25. The second 
lon1zation potential (for removing the second electron) is 
75.6 volts. Thus lithium should aÌlways appear in compounds 
with a valence of + I (gives up one electron), never with +2 
(gives up two electrons). Figure 13-19 is a “picture” of how 
the lithium electron clouds should “'look.” 

What 1s the 7 quantum number of the outer eÌlectron 1m 
lithium2 According to all that we have learned so far, the 
(N=2,/=0) and (N= 2, /= 1) states should have the 
same energy. However, it can be seen by referring to Fig. 13-7 
that the / = 0 state should be more strongly bound than the 
/= 1 state. Thịs is because the Ìlower angular momentum 
state (/ = 0) has more of Its elecftron wave near the nucleus 
than higher angular momentum states. In fact, all electron 
waves havIng Ÿ greater than zero have  = 0 when z = 0. 
Thịs is also shown 1n Flg. 13-20 which compares the ¿ = 0, 1, 
and 2 waves for the same @, 'Phat part of an electron wave 
near the nucleus sees a Z2„¡¡ almost as large as Z, whereas that 
part of the wave far from the nucleus sees a Z4: of about I. 
Hence a / = 0 wave sees a higher Z4 than an j= 1 wavwe. 
Thịs s why Z4 1s a function of ÿ as wel]l as . Thịís efect 
can cause an appreciable energy diference between 
the /= 0 and /= I1 or 2 “subshells.” In fact, for Z = 19 
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Eig. 13-20.  = 3 hydrogen wave functons for /= 0, 1, 
and 2. Note that only the /= 0 wave is nonzero at the origin. 


(potassium) the effect 1s so strong that the () = 4,/= 0) 
energy level is lower than the (N = 3,7 = 2) level. Table 13-I 
shows the order in which energy levels occur. Another way to 
thìnk of thịs effect 1s that a higher angular momentum orbit 
is more circular and consequently farther away from the 
nucleus than a lower angular momentum orbit. Hence the 
lower “?” states are more strongly bound. 


Z = 4 (berylliium) 

According to the exclusion principle there 1s room for two 
electrons m the (NW = 2, /= 0) state. Because Z4 for that 
part of the electron wave near the nucieus 1s now greater 
than for that of lithium, the ionization potential should be 
larger. The experimmental value is 9.32 volts as compared to 
the 5.39 volts for lithium. However, for beryllium the second 
lon1zation potential is not much larger since this electron 
also comes from an ) = 2 state. Thus beryllium has a 
valence of +2 1n compounds. 


Z = õ (boron), Z = 6 (carbon), Z = 7 (nitrogen), 
Z = 8 (oxygen), 27 = 9 (ffuorine), and 
Z = 10 (neon) 

These atoms are formed by flling up the (VN = 2,?= 1) 
states. SInce / = 1 occurs in three diferent states (my = — 1, 
0, +1), this (N = 2, /= 1) subshell can take up to 6 elec- 
trons. Boron would have 3 electrons Im the NÑ = 2 states, 
and consequently a valence of +3.* For oxygen and fuorine 
there Is a new phenomenon called electron affinity. A single 
fñuorine atom can take up an extra electron and become 
stable Fl-. Thịs extra electron which sees a large Z¡¡ over 
part of its wave is bound with an energy of 4.2 ev. Thus the 
valence of ÑuorIine is — 1. The electron affinity for forming O~ 
1s 2.2 volts. Oxygen and nitrogen commonÌly appear in chem- 
1cal compounds with valences of — 2 and —3, respectively. In 
neon the  = 2 states are all ñlled up and we have a closed 
shell. Because part of the  = 2 electron waves get fairÌy 
close to the nucleus (where now Z⁄4¡r goes up to 10), the ion1za- 


* See page 362 in Chapter 14 for a more detailed discussion of why boron 
has valence 3, carbon has valence 4, etc. 
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Eig. 13-21. Atomie volume as a function of Z. 
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tion potential is high, 21.6 volts. Thus we would expect neon, 
like helium, to be quite inert chemically. 


Z= II (sodium) to Z = 18 (argon) 

In sodium the excluslon principle forces the 11th electron 
to go mto the W = 3 wave with a Z4 ~ 1 which is a much 
larger diameter wave than the  = 2 of the preceding ele- 
ment neon. Hence, the theory predicts that every time the 
outer electron is in a higher  orbital, the atomic size will be 
significantÌy larger. These abrupt increases in size are ob- 
served to occur for Z = 3, 11, 19,... as shown in Fig. 13-21. 
In the serles of eight elements—sodium to argon—the (N = 3, 
/= 0) and (N = 3,7 = ]) states are filled up in exactly the 
same way as the preceding 8 elements. The chemical prop- 
erties are thus quite similar to the corresponding 8 preceding 
elements. This 1s the explanation of the “periodic system” 
of chemistry. So far we have explained the periodicity 2, 8, 8. 
Now we shall see why the next period must be 18 rather 
than 8. 


Z = 19 (pofasstưm) and up 

We might expect that the next element would have its 
outer electron In the (V = 3, = 2) state. However, as men- 
tioned ínm the discussion of Z = 3 (lithium), the (N = 4, 
/ = 0) wave sees a considerably larger Z4 than the () = 3, 
?= 2) wave because the j — 0 wave is most concentrated at 
r= 0 where the efective charge 1s the greatest. For this 
(N=4,= 0) wave, Z4¿¡ = 2.26 and the binding energy is 
13.6 Z2,/4? = 4.34 ev; whereas for (N = 3, = 2), Z4w l5 
somewhat less than 1.7 corresponding to a binding energy 
less than 4.34 ev. If the 19th electron were put into the 
(N = 3,/ = 2)state, it would quiekly drop down to the lower 
energy state (Ñ = 4, /= 0) emitting a photon equal to the 
energy difference. 

When we get to Z = 21 (scandium), the () = 4,/= 0) 
wave ïs all ñlled up and now the ( = 4,7 = 1) competes with 
the (N = 3, /= 2) for the 21st electron. NÑow as we would 
expect the (N = 8) state ís the lower one, so at scandIum the 
J= 2 states of the  = 3 shell start filling up. Table 13-1 
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TABLE 13-1 


Principal Quantum Number N 
Azimuthal Quantum Number Ï 


Letter Designdtion of State 


Z Element Vị volts 
1 Hydrogen 13.60 
2 Helium 24.58 
3 Lithiuom 5.39 
4 Beryllium 9.32 
5 Boron 8.30 
6 Carbon 11.26 
7 Nitrogen 14.54 
8 Oxygen 13.61 
KV Fluorine 17.42 

10 Neon 21.56 

11 Sodium 5.14 

12 Magnesium 7.64 

13 Aluminum 5.98 

14 Silicon 8.15 

15 Phosphorus 10.55 

1ó Sulfur 10.36 

17 Chlorine 13.01 

18 Argon 15.76 

19 Potgessium 4.34 

20 Calcium é.I1T 

21 Scandium 6.56 

22 Titanium 6.83 

23 Vanadium 6.74 

24 Chromium 6.76 

25 Manganese 7.43 

26 lron 7.90 

27 | Cobalt 7.86 

28 Nickel 7.63 

29 Copper 7.72 

30 Zinc 9.39 

31 Galliưm ó.00 

32 Germanium 7.88 

33 Arsenic 9.81 

34 Selenium 9.75 

35 Bromine 11.84 

3ó Krypton 14.00 


ELECTRONIC STRUCTURE OF ATOMS" 


0 0 ¡(M1 


1s 2s 2p 3s 3p 3d 4s 4p 


} 
2 


Helium core 
l L2 BMM1M53MMM~ 


Meon coóte 
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Ärgon tore 


MĐMMNMKXM»MSMES=MKMMM>—= MS MẰMM>~ 


*From Chorlotte E. Moore, Alomic Energy Levels, Vol. I|, 
Notionadal Bureau of Standards Circular 467, Washington, 
1952. 
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shows the electron structure of the elements up to Z = 36. 
The electron structures have been determined using quan- 
tum mechanics, chemistry, and spectroscopy for all the ele- 
ments up to Z = 104. In fact, the theory 1s so good that the 
chemical propertles of Z = 105, 106, etc., can be predicted 
in advanee, before they are produced artificially. 

To calculate precisely the lonIzation potentials and elec- 
tron affinitles requires an enormous amount of work; but we 
have the theory and ït can be done in principle, thus explain- 
¡ng all of chemistry with one simple theory, the quantum 
mechanics of the spin-‡ electron. 


13-I X-rays 
The ftlng up oƒ an empty hoÌe 


Each atom has a characteristic spectrum that 1s emitted 
when a small sample of the element 1s ionized by placïng ït 
in an electrlc arc or discharge. Ũnknown samples, whether 
on the earth or in stars, can be analyzed using the technology 
of spectroscopy. As In the case of hydrogen, the spectral 
lines correspond to quantum Jjumps between the varlous 
energy levels available for the outer one or two electrons. 
Since these energy levels are on the order of a few electron 
volts, the characteristic spectrum will consist of lines ín the 
visible, ultraviolet, and infrared regions. 

However, 1t 1s also possible for a heavy atom to emit much 
more energetic photons of hundreds or even thousands of 
electron volts energy. Such high-energy photons are called 
x-rays. An x-ray is emitted when an inner electron 1s missing 
from an atom. Then an outer electron will quickÌy jump 
down to replace the missing Inner electron. Missing electrons 
can be produced by bombarding a sample with a beam of 
electrons that have been accelerated through several thou- 
sands of volts. Some of these beam electrons w1ll collide with 
inner shell electrons of the sample and knoek them out of 
their respective atoms. An electron of the W = 1 shell (the X 
shell in x-ray terminology) has an energy of 13.6 Z2; electron 
volts. In this Instanece, Z4 is very close to (Z — 3). 
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Example 7 

What are the highest energy x-rays which can be emitted by cop- 
per and by uranium? Give the photon energles and wavelengths. 

"The highest energy x-rays occur when a free electron (zero energy) 
Jumps all the way down to a vacancy in the X shell (W = 1). 

For copper, Z = 29 and Öƒ = 13.6 x (28.5)? = 11,000 ev. 


12,390 
= —— = 1.12A 
11,000 
For uranium, Z = 92 and ƒ = 13.6 x (91.5)? = 112,000 ev. 
12,390 
À= ¿ =011A 
112,000 


The above example ïlÌlustrates a very reliable method that 
has been used to determine the Z of newly discovered ele- 
ments. One merely determines the wavelengths of high- 
energy x-rays emitted from the unknown sample when 1t is 
bombarded with electrons. 

Since x-rays have wavelengths comparable to the inter- 
atomlic spacmgs in solids, they are also a very useful tool for 
the determination of the structure of solids. As mentioned in 
previous chapters, the periodicalÌy repeating planes of atoms 
¡in a crystal behave as the rulings of a difraction grating. 
Thus 1f the x-ray wavelength 1s known, the Interatomic spac- 
ings can be determined by measuring the x-ray diffraction 
angles (see Eq. 10-10 and Fig. 12-13). 


W©e can obtain Schroedingers equation as follows. Referring to 
Eq. 3-10, we see that a pure sine wave as a function of time has the 
property that 


d3 
d2 Si 4m2 
# HC 


where đ2y/d/2 is the second derivative with respect to time (the 
acceleration) and T' is the time of one complete sine wave (the 
period). Replacing time with distance +, we see that a pure sine 
wave as a function of distance obeys the relation 


đ3y 

dự? _ _ 4m? 

To 
or 

d?y _ 4n? 

dx? À? 
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Then a particle wave of wavelength À must obey the equation 


Now we substitute the right-hand side of Eq. 13-3 for À and obtain 


d? — — 4m?m 
dx? — — P 


(W-_-U%w 


which is the Schroedinger equation. In calculus the second derivative 
đ?J/d*2? is a measure of the curvature. TỶ it 1s negative, It means 
the slope is decreasing, or that / is curving toward the x-axis. IÝ 
đ?/đ3? 1s posttive, then  Is curving away from the x-axis. Mathe- 
matically there is always a solution to the Schroedinger equatlon, 
whether or not the right-hand side 1s positive or negative. Thịs 
means / can exist even when (W — ) or the kinetic energy 1s 
negative. 


We shall make an approximate calculation of the radlus and 
energy of the hydrogen atom using the modern wave theory of the 
electron rather than the older, semiclassical theory of Bohr. We 
start by noting that the electron wave function consists ofa standing 
wave which is maximum in the center and drops of at the “edges” 
of the atom. Although this standing wave does not have any exact 
wavelength, we will assign it an average wavelength, Àay, and note 
that the lowest order standing wave would be $Àay across the “box” 
or atom. Hence 


sAve = Đông 0F Àayv = 4Ray (18-13) 


where 2„v is the average diameter of the atom. We bring ín quan- 
tum theory by using the de Broglie relation as expressed in Øq. 13-3: 


h 
V23mEB„v 
Both sides of this equation can be expressed In terms of #;v. For the 


left-hand side use Eq. 13-13, and for the right-hand side, substitute 
(Ze2/2Rx) for KE;v (as given by Eq. 13-8). Then one obtains 


Xqmy = 


h 
V93m(Z2e2/2Rv) 


Squaring both sides g1ves 


h2 
#2. ==—=—===—= 
ng 7. 


(4v) = 


Solving for Rav g1ves 
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ly; = Thưa (13-14) 


Note that this approximate result is close to the Bohr theory result 
h2/4n?m⁄Z€2 given in Ba. 13-12. 
To get the binding energy we use 


W=KE+D-=KE+(-Ze2/R) 


and we again make the approximation that KHạy = Ze?/2Ry to 
obtain 


22 
W=— 
2); 
Now substitute the result for #ạy in Edq. 13-14 to obtain 
8mZ 2+ 
W= Tê 


'This agrees with the exact answer (W = —2z2mZ*e1/h?) within a 
factor of2.5. This is a reasonable agreement for such an approximate 
calculation. 


1, What is the minimum energy that can be absorbed by an Hatom 
that starts out m 1ts ground state? 


2. What is the ground state Bohr radiusin He*? 


3. A one-dimensional “box” is 10-3 em long. What are the wave- 
lengths of the electron standing waves corresponding to the three 
lowest possible momenta? 


4. Make qualitative sketches of 4 and ; for the potentiaÌ energy 
diagram shown In Fïg. 13-2. 

5. Using the Ideas of both relafuify and quanfưm mechanrcs, cal- 
culate the de Broghe wavelength of an electron traveling at 
°=%€œ 

5 
6. In the ground state of the Bohr model of the hydrogen atom 
(a) What ¡s the kinetic energy Im ev? 
(b) What 1s the potential energy In ev? 
(c)_ What 1s the binding energy 1n ev? 

(d) TÝ the electron in the hydrogen atom was at rest, but still at 
h2 
4m2me2 

to remove the electron? 


the distance ! = , what would be the energy required 
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7. What is the number of electrons in 
(a) am = 2 closed shell. 
(b) aN = 8 closed shell. 
(c) ajN = 4 closed shell. 


8. What are the maximum number of electrons n a Ñ = 6, = 2 
subshell2 


9. In the Bohr theory of the hydrogen atom, which is greater m 
magnitude: (Ke + Ủ), KE, or U2 


10. AtZ = 56 (barium) the Ñ = 6, 7 = 0 subshell becomes flled up. 
In the next element (Z = 57, lanthanum), the  = 4, 7 = 3 subshell 
starts getting 8lled up. How many electrons wIll it take to completely 
fill up the Ý = 4, ¿ = 3 subshell? (These elements are called the rare 
earths. They all have similar chemical properties because they all 
have the same two outer electrons ( = 6, j = 0).) 


11. A sample of hydrogen gas 1s excited to  = 5. What is the total 
number oÝ lines that can appear in the emission spectrum of this gas? 


12. Assume the ground state for the outer electron of a certain atom 
Ils(N=3,/= 0) with Z4¡ = 3.2. Assume the next highest energy 
level for this atom is (N = 3, j— I1) with Z4¿¡ = 1.6. What energy 
photon 1s emitted in a transition from the (N = 3,7 = 1) level to the 
ground state? 


13. The following three lines are observed in the absorption spec- 
trum of Hlement Ä: ƒ/ = 2.2 x 1015 cps, ƒạ = đ.0 x 1015 cps, and 
ía = 3.5 x 1015 cps. (An absorption spectrum appears as dark lines 
1n a continuous spectrum, and is obtained by passing a continuous 
spectrum through gas in the ground state. Only those frequencles 
are absorbed which correspond to transitions from the ground state 
to higher energy levels; that 1s, each of the above three lines is a 
transition from the ground state to a higher energy level.) 

(a) WIiH the above three lines also appear in the emission spec- 

trum of Element X 2 

(b) List the frequencies of three other lines appearing in the 

emission spectrum of Element X. 


14. The absorption spectrum of hydrogen is obtained by passing a 
continuous spectrum of radiation through hydrogen gas in the 
ground state. What are the photon energies in the absorption spec- 
trum of hydrogen? What are the wavelengths of the dark lines? 


15. The highest energy x-rays emitted by an unknown sample have 
a wavelength of 2.16 A. Which element is this sample? 


16. The energy requrred to completely lonmize helium is 79 ev. 
(a) How much energy 1s required to remove the second electron 
after the first one has already been removed? 
(b)_ How much energy is required to remove only one of the two 
electrons? 
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17. A certain atom has all of its electrons in closed shells except for 
one outer electron. Suppose the only possible energy levels for this 
outer electron are — l, —4, —7, and — 10 ev. 
(a)  Whatis the lonization potential? 
(b) How many diferent lines could appear in the emission spec- 
trum?2 (Do not count the same frequency more than onee.) 
(c) What would be the wavelengths of the lines in the emission 
spectrum? 


18. The lonizatlon potential of a certain atom is 9 volts. The frst 
two excIted states of this atom are #¿ = —8 ev and s = —6 ev. 
(a) What is the ground state energy #) in ev? 
(b) Give the photon energies In ev of 3 lines in the spectrum of 
this element. Ônly use lines with À greater than 3000A. 


19. Arrange the followimg orbitals in order of increasing energy 
(write the lowest or most strongly bound energy level ñrst). Assume 
the inner shells are all flled. (V = 3,/= 1);(N=3,!/=9);(N =4, 
U=ÚU),(V= di—= 1). 


20. A particle of mass zm and positive charge g 1s in a cireular orbit 
oŸ radius # about a heavy particle of mass ⁄ and charge — Q. The 
only appreciable force between them is an attractive electrostatic 
force. 
(a) Write down an equation for the force between them. 
(b) What is the potential energy of g in terms of its mass zwz and 
1ts velocity 0? 
(c) What 1s the total energy (KE + U) ín terms of m and 0u? 
(d) Using the Bohr postulate to quantize the angular momen- 
tum, øive an expression for in terms of Ö, mm, h, and the quan- 
tum number . 
(e) _ What is the quantized radius in terms of zn, 2, Q, g,and ý? 
(_ What is the tota]l energy in terms of m, b, Q, g, and V? 


21. Find a linein the He* spectrum having the same wavelength as 
a line in the hydrogen spectrum. What is this wavelength? 


22. A mu-mesic atom consists of a nucleus of charge Z with a 
captured ¿- meson (a particle 207 times as heavy as an eÌectron in 
the ground state. 
(a) What is the bimding energy of a u- captured by a proton? 
(b) What is the radius of the Ýÿ = 1 Bohr orbit in Part (a)? 
(c) What energy photon is emitted when the above - jumps 
from Ä = 2 to the ground state? 


23. Consider a lead (Z = 88) mu-mesic atom. Is the W = 1 Bohr 
orbit for the mu-meson Inside or outside the nucleus? The diameter 
of the lead nucleus is 1.6 » 10~12 em. 


24. Consider element @, a hypothetical atom of valence -+1. The 
binding energy of the outer electron is 3.2 ev. It is also known that 
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the energy levels for 3 excIted states of the outer electron are 
—1.0ev, —1.4ev,and —2.0 ev. 
(a) Whatis the energy level of the ground state in ev? 
(b)_ List all the lines that shouÌd appear in the emission spectrum 
of element @. Specify the photon energles In ev. 


25. "The most intense x-ray line is due to the transition of an eleetron 
im the Ñ = 9 shell to fll the hole in the W = 1 shell. Assume Z4; for 
the (W = 9) state is (Z — 3). What is the wavelength of this line for 
copper? 


26. The attractive force between a neutron (mass Ä⁄) and an elec- 
tron (mass m) 1s given by #'= GMfm/R?. Let us consider the lowest 
possible Bohr orbit for this electron cireling around the neutron. 
(a) Write down the centripetal force in terms o£ zn, , and 0 
where 0 is the electron circular velocIty. 
(b) What is the kinetic energy in terms of G, Äấ, m, and ?? 
(c) What is the potential energy in terms of Œ, Ä, m, and `? 
(d) What is the total energy In terms of G, Äƒ, m, and ? 
(e) Write down an equation expressing the Bohr postulate for 
quant1zation of the orbits. 
(0_ What is the Ñ = 1 radius in terms of h, Œ, Mí, and ? What 
1s the numerical vaÌue? 
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TABLE 13-2 PERI0DIC TABLE 0F THE ELEMENTS (after Longuet-Higgins) 


89 90 91 92 93 94 95 9ó 97 96 99 100 TƠOI 102 103 104 
Ac Th Pa U Np Pu Am€Cm Bk Cf E Fm Mv No Lw.... `... 


81 82 83 84 65 56 tem... =.....- -=ẳẳằẪằẳẳẨ=ễẳ=.=-Ặ ốc... ẽ==. 
TÍ Pb Bí Po At Rn 


71 72 73 74 75 76 77 78 79 80 
lu Hf Ta W Re Os Ir Pt Au Hc 


57 58 59 ó0 ól ó2 ó3 ó4 65 6ó 67 68 69 70 
La Ce Pr Nd Pm Šm Eu Gd Tb Dy Ho Êr Tm Yb 
câC 49 5O 5T 52 53 54 =—=—=————————4t-———__ 
In Šn $b Te lí Xe 
39 40 4I1 42 43 44 45 4ó 47 48 
Y 7Zr Nb Mo Tc Ru Rh Pd Ag Cd 
`... in. 
Ga Ge As Se Br Kr 


21 22 23 24 25 2ó 27 28 29 30 
§c Tỉ V Cr Mn Fe Co Ni Cu Zn 


Orbital 
quantum Lefter 
Number | designation 
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The explanation of the structure and propertles of matter 
Iinvolves an understanding of the interactions among atoms, 
electrons, and molecules at small distances. As we have seen, 
such interactions are explained by the quantum theory. Thus 
we might expect some of the “'peculiar”” aspects of the quan- 
tum theory to show up In our study of the structure of mat- 
ter. Indeed, in this chapter we will fñnd examples of 
“peculiar” quantum phenomena showing up on a large-scale 
as well as on an atomic scale. 


14-1  Molecular The0ry 


Electron stealing us. electron shartng 


We shall discuss two different mechanisms that cause 
atoms to bind together into molecules: lonic binding and 
covalent binding. 


lonic binding 


lonic binding is due to Coulomb's law. For example, there 
will be an attractive force between positive and negative 
singly charged lons. IÝ the electrostatic energv oÝ attraction 
e2/R exceeds the amount of energy needed to form the two 
lons, a stable molecule is possible. As an example, consider a 
molecule of potassium chloride, KCI. The energy needed to 
form the two Ions KT? and C]” 1s 0.52 ev. Thịs 1s because the 
lon1zation potential of potassium 1s 4.34 volts and the elec- 
tron afnity of chlorine is 3.82 ev. By electron affinity we 
mean that 3.82 ev of energy is given off when an electron 1s 
added to a chlorine atom. The net energy required to form 
the two lons 1s then 4.34 minus 3.82, or 0.52 ev. If the two 
lons can get cÌose enough so that e2/ is greater than 0.52 ev, 
a stable molecule wïll be formed. This electrostatic potential 
energy can be estimated by putting # equal to the sum of 
the radii of the two ions. K* and CI- both have a radius of 
about 1.5 A. Then the e2/# contribution would be 4.8 ev. 
Thus we would expect the energy of formation of a KCI 
molecule to be approximately 4.8 minus 0.52 ev. The meas- 
ured value of 4.4 ev checks quite well with our crude estimate. 
The binding of most inorganic compounds is due to lonic 
binding which can be thought of as electron stealing. 


380 


Fig. 14-1. "The electron charge density mm Hạ. The amount 
of whiteness is proportional to the square of the electron 
wave function projected onto a pÌane. 


Coudalent bmding 

Another very prevalent mechanism for molecular binding 
that occurs in most organic molecules is called covalent bind- 
¡ng. A covalent bond is sharing of electrons by two atoms. 
The simplest example of covalent binding 1s the hydrogen 
molecule. First we shall consider the lonized hydrogen 
molecule Hạ?. 'This consists of two protons surrounded by an 
electron cloud. The binding energy of the electron in the 
presence of two protons is of course larger than in the 
presence of one proton only. On the other hand, the electro- 
statie repulsion of the two protons tends to oppose the bind- 
ing. However, since the electron wave gets in close and tends 
to concentrate between the two protons, the efect of the 
electrostatic attraction of the electron to the two protons 
dominates. The bmding energy of the hydrogen atom to the 
hydrogen ion in Hạ? is 2.65 ev; that is, (2.65 + 13.6) ev Is 
required to đissociate completely an H;* ion Into £wo pro- 
tons and one electron. 

According to the Pauli exclusion principle there 1s room 
for a second electron to fñt in the same electron wave as the 
frst electron. This system of two electrons and protons Is the 
neutral hydrogen molecule. Here the electron wave function 
is somewhat more spread out than that of the single electron 
in Hạ? because of the electrostatic repulsion between the 
two electrons. The binding energy of the two hydrogen 
atoms in the neutral Hạ molecule 1s 4.48 ev. The electron 
cloud (square of the wave function) for the two electrons of 
the Hạ molecule would look like Flg. 14-1 1f “it could be seen 
by eye.” 

Carbon atoms usually form covalent bonds. The carbon 
atom has a tendency to share with four other electrons In an 
attempt to 8ll up its Ñ = 2, 7 = 1 shell. The simplest such 
case is CH¿ (methane) shown in Fig. 14-2. As with the hydro- 
gen molecule, the electron waves tend to concentrate be- 
tween the positive charges where they wIll make the greatest 
contribution to the binding energy. Since these four electron 
clouds are mutually repulsive, the lowest energy configura- 
tion 1s achieved when they are the farthest from each other 
as in Fig. 14-2. The shapes of electron waves In molecules are 
determined by the Schroedinger equation along with the 
condition that the energy levels be as low as possible. 
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Fig. 14-2. A qualitative drawing showing the electron wave 
structure of methane. The hydrogen nuclei are at the corners 
ofa regular tetrahedron, or at 4 of the 8 corners ofa cube. The 
electrons are concentrated along the carbon-hydrogen lines. 


2 clectrons— 


Hybridization 

We see that when forming molecules, the four  = 2 elec- 
trons of carbon can extend out and play equal roles giving 
carbon a valence of 4. But how could this be, when the frst 
two Ñ = 2 carbon electrons are more strongly bound and In 
an /=0 closed subshell? Similarly, why should boron 
(Z = 5) with Its one ¿ = 1 electron not have a vaÌence of ] 
rather. than 3? "The answer is that atoms in molecules are 
not the same as when they are alone. In the pure atom, there 
1s a distinction between the /—= 0 and ¿/= 1 electrons. Às 
emphasized m Chapter 13, the j= 0 electrons are Indeed 
more tightly bound than the / = 1 electrons. But, molecules 
are not pure atoms. The CH¿ molecule, for example, has In 
addition to the carbon nucleus, four other centers of positlve 
charge. With a system of ñve atomic nucler, the solution to 
Schroedingers equation for standing waves is now more 
complicated, and gives the result for the ground state shown 
m Plg. 14-2. This phenomenon o£ putting the / = 0and / = 1 
electrons on an equal footing in molecule formation 1s called 
hybrid1zation. 

lt is not difficult to see how our familiar solutions to the 
Schroedmger equation can generate an electron standing 
wave that extends to one side as do those of Fig. 14-2. Thịs 
can be done for the four Ý = 2 electrons of carbon by de- 
scribing each outer electron wave function as a mixture of 
the 7 = 0 and / = 1 waves of carbon. An / = 0 wave function 
by 1tself 1s shown schematically In Fig. 14-3ø. Here the value 
of ỷ must be of the same sign over the entire centraÌ reglon 
(we choose the positive sign). The (Ý = 2, = 1) wave func- 
tion wIll be oŸ opposite signs mm the two ends of the “dumb- 
bell”” as mdicated m Flg. 14-3. In looking at the sum (Flg. 
14-3c), we see that the upper parts add constructively and 
the lower parts of opposite sign tend to cancel each other out. 
The result 1s a lopsided lobe which extends out m one direc- 
tion from the carbon nucleus. Chemists call this an s2 orb#al 
(s stands for ¿ = 0 and p stands for ¿ = 1). 

The study of organic chemistry 1s concerned with mole- 
cuÌes containing carbon atoms and covalent bonds. Carbon 
atoms have the special characteristic that they do not mind 
sharing electrons with each other. Thus many of the mole- 
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Eig. 14-3. Diagram showing how addition of? = 0 and / = 1 
wave functions give a electron cloud projecting out mainly to 
one side. (ø) represents the (W = 2, / = 0) spherical wave 
function. (b) represents the ( = 3, j= 1) dumbell-shaped 
wave function. (e) 1s the sum of the two above wave funetions. 
Here the lower lobe of Jz¡ 1s mainly canecelled out by 2o 
because these parts are of opposite sign. 


cules in organic chemistry contain long chains of carbon 
atoms. These long chaïns often contam thousands of atoms. 
The opening fgure for this chapter shows a small section o£ 
such a molecule. Many of them occur m nature as products 
of living processes. With the help of quantum mechanies and 
advanced techniques of physics and chemlstry, It 1s now 
possible to determine the exact structure of giant protein 
molecules that are basic to life. In fact, it has recentÌy be- 
come easier to understand how some of these complicated 
molecules are able to reproduce themselves. A more complete 
understanding of the “'secret”” of lIfe is, of course, one of the 
problems for the future. Perhaps some day sclentists wIll be 
able to synthesize new forms of life out of completely 
inanimate matter. 


14-2 rystalline Solids 


Super moÌecules 


Most compounds and elements when ím the solid state 
occur with the atoms m a periodic lattice that appears as 
a pure crystal by eye. The same mechanisms that bind atoms 
together into molecules can also bind them into an unlimited 
perlodic structure or “super molecule.” Many of these sub- 
stances do not appear to the eye as obvious crystals because 
they are made up of many tĩny crystals (polycrystalline 
structure). Some solids and liquids, especially at low tem- 
peratures, exhibit “pecullar” large-scale propertles charac- 
teristlc o£ the quantum theory. The study of the propertles 
and phenomena of solids and liquids ¡is called solid state 
physics and is at present one of the maJor fields of physics 
research. 

Just as there are Ionic and covalent molecules, there are 
also 1onIc and covalent crystals. Figure 14-4 shows the struc- 
ture of the NaC] lonie crystal. Notice that each Nar lon has 
6 C]- ions for its nearest nelghbors. 'Phis type of spatial eon- 
ñguration of Na? and C]" ions has the Ìowest energy (it g1ves 
of the most heat during formation) of all possible other 
confgurations. This explains the tendency for NaCl] and 
many other substances to form pure crystals as they are 
cooled below thelr “freezing points.” As the temperature Is 
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Fig. 14-4. The crystal structure of NaCl. The small circles raised, the thermal kinetic energy eventually becomes large 


indicate the positions of the centers of the Na and CÌ atoms. enough to overcome the binding into a regular crystal, and 
(œ) Centers of atom. (b) Entire atoms. the crystal melts 


Metalhc binding 

There is another type of binding called metalhe bmding 
which occurs only for elements having few enough outer elec- 
trons,to satisfy the following description. This type of bmd- 
ing occurs when the atoms are pushed together closer than 
the size of the electron cloud of the outer electrons. Because 
of the exclusion principle, such a confguration will tend to 
raise the outer electrons to higher energles. However, m the 
case of the substances called metals this confguration still 
has a Ìower energy than 1Ý the atoms were held farther apart. 
Let us consider a substance such as lithium, potassium, or 
sodium which has only one outer electron. Figure 14-5 shows 
the outer electron cloud of the free lithium atom. The posi- 
tions of the neighboring nuclei of the lithium lattice are 
shown as small x's. lf the atoms are crowded together so that 
theïr inner closed shells are touching, the neighboring nuclel 
will be inside what was the outer electron cloud for the free 
atom. In such a case the outer electron 1s attracted by the 
neighboring nuclei, which both increases 1ts binding energy 
and spreads out its size even more. This permits 1t to be near 
even more remote neighbors, which im turn “pull out” the 
electron cÌoud even more. As one might expect, the end result 
1s that each outer electron wave function gets uniformly 
spread out over the entire crystall Thus a single electron 
cloud can be as large as the Empire State building or as long 
as the longest wre. 


Na† CI” 


To a ñrst approximation, the attractive forces of the nuclei 

á on an outer electron can be averaged out to correspond to a 

uniform attractive potential energy, the magnitude o£ which 

“8 Sà we shall call Ưa. A plot of this averaged potentlal energy, 

called a potential well, is shown in Fig. 14-6. Bach outer elec- 

tron 1s described by a standing wave confned to this poten- 

tial well. We now see that the hypothetical example m the 

previous chapter of an electron trapped ím a box is not so 
hypothetical after all. 

We can begin to see that quantum theory provides a 


(b) 
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Eig. 14-5. Outer electron cloud of the free lithium atom. The 
poSitions of the neighboring lithium nuelei in metallic lithium 
are indicated as x's. Note that the neighboring lithium nuelei 
are inside the outer electron cloud. 


Energy oƒ Fermi leuel 


Q.1: Does the wavelength of the Ìowest energy conduction 
electron depend on the size of the piece of metal? 


reasonable explanation of why metals conduct electricity 
and why other substances do not (or almost do not). That 
metals contain at least one “free” electron per atom is due 
im part to the wave nature of the electrons. These “free” or 
conduction electrons are not bound to any particular atom 
and are free to ow anywhere In the metal as discussed on 
page ở67. In lonie and covalent crystals the outer electrons 
are bound to their particular atoms; hence these crystals 
generally do not conduct electricity. They are called insula- 
tors. The fact that pure metallic crystals can have free elec- 
trons should be considered as a large-scale quantum mechan- 
Ical phenomenon. Classically each electron would belong to 
1ts own atom. 


14-3 Fermi 6as of Electr0ns 


A peculiar gas timbedded in solid matter 


Wb© have learned that a metal of volume V can be con- 
sidered as a box of volume Ý holding N electrons. Because of 
the exclusion principle onÌy two of these electrons are per- 
mitted in each of the states specified by Eq. 13-1. All N of 
these electrons try to crowd into the lowest energy states, 
forming what is known as a Fermi gas. Such a gas has certain 
Immteresting, nonclassical properties frst poimted out by 
Enrico Fermi. The  electrons will fill up all the energy 
states from the lowest state to a state of kinetic energy KEo 
called the Fermi level. If N is known, one should be able to 
calculate KEo. The calculation of KEo in terms of 9L, the 
number of electrons per unit volume, is presented in the 
Appendix to this chapter. The result is 
hố (Ẻ x) (14-1) 

8m \ 
where 9W is the number of free electrons per cubic centimeter. 
As one might expect, the result is independent of the par- 
ticular shape or volume of the piece of metal. It depends only 
on how tightly the free electrons are crowded together. 


kxampÌe 1 


The density of lithium is 0.534 gm/cm3. What is the Fermi level 
of the conduetion electrons ín lithium In ev? 
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Eig. 14-6. Solid curve is the approximate potential energy of 
an outer electron as 1t erosses the surface of a metal. 


Energy 


| 
Inside metal Ï Outside metal 


Fuled energy 
levels inside 
metal 


Ans. 1: Yes. In the one-dimensional case the relation is 


x(®) = Lwhere È is the length of the “box”. 


Lithium has only one outer electron, hence ðL 1s the number of 
atoms per cubic centimeter. Since the atomic weight of lithium is 
6.94, there will be Wọ = 6.02 x 1023 atoms in 6.94 gm of lithium. 
Then  = 0.534/6.94 x 6.02 x 10?3 = 4.63 x 1022 free electrons 
per cubic centimeter and 


2 22273 
KEo= „ XS *—) = 7.55 x 10712erg 
8m krụ 


KBo = 4.7 ev 


"The approximate potential seen by an electron at the edge 
ofa metal is shown 1n Fig. 14-6. We defne zero energy as the 
energy of a free electron at rest outside the metal. The energy 
levels of the electron Fermi gas are indicated as fne horizon- 
tai nes starting at — Ứ and goïing up an energy interval 
KE from the bottom of the potential well. 'Phe minimum 
energy required to remove an electron from the metal 1s then 
Uo — KE. By definition this is the work functlion 1V defined 
in the section on photoelectric efect. Although an electron 
at the Fermi level has kinetic energy = KBạ, its total energy 
1S 


W=KEĐB+U 
KRo + (— Ua) 


= —1W 


Henee the Fermi level is at — Son the energy scale. Actually, 
one has a sharply deñned work function only at absolute 
zero. At a temperature 7' degrees absolute, the electrons are 
in thermal equilibrium, so that a signifcant number of them 
should have some thermal energy in addition to their Fermi 
energy. As shown in Chapter 6 the average thermal energy 
per particle in a classical gas is ($)È7' In a Fermi gas, onÌy 
the particles with kinetic energies close to KHo can have 
thermal energy. Thus there will be some electrons with 
kinetic energles a little higher than KE; at room tempera- 
ture #7'is 0.025 ev, whereas KEo and *W are on the order of 
several electron volts. 


Contact potentiql 


Whenever two dđissimilar metals are joined, a potential 
diference appears between them. Now that we know about 
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Eig. 14-7. When two dissimnilar metals are Joined, electrons 
wIill ñow until the Fermi levels line up as mm (c). 


W (ím ev) 
0 


Q.2: In Eig. 14-7(c) which side 1s more positlive, A or 2? 


Eermi levels, we can explam this phenomenon with the use 
of potential well diagrams. Consider two different metals A 
and Ö as mm Flg. 14-7øơ. The Fermi levels of A and Ö are at 
—2 and —3 ev respectively, and the electron potential en- 
ergies inside the two metals are — 4 and — 6 ev respectively— 
all with respect to the energy of an electron at rest just out- 
side the metal. Figure 14-7 shows the situatlon Just as the 
two metals are first brought Into contact. NÑow electrons In 
A are free to move to Ö, where Ìower energy states are 
available. But as electrons move into ?Ö, it rapidly acquires a 
negative charge with respect to A. Now more work must be 
done to bring a negative electron to the negatively charged 
metal Ö; In other words, the entire potential energy diagram 
Of B is ralsed with respect to A. Thịïs process continues until 
the Fermi leveÌs meet as shown In Flg. 14-7ec. Thịs equilib- 
rium situation is achieved after a very small fraction of the 
conduction electrons have moved from A to Ö. As seen Im 
Flg. 14-7c, the potential energy diference is AƯ which must 
be equal to the initial energy diference of the Fermi levels; 
that ïs, 1Ý the Fermi levels of two metals difer by 1 volt, then, 
when brought together, there wIll be a potential diference of 
1 volt between the two metals. 


14-4 Electrical ễonductivity 


Quantưm mecharics on ơ Ìarge scaÌe 


We have seen that in a perfect metallic crystal lattice the 
outer electrons behave as free electrons In a box. Since these 
electrons can carry electrical current, we would expect the 
electrical resistance of a perfect metal to be zero. However, 
real metals have Impurities and lattice Imperfectlons. Since 
the condition for obtaining free electrons was that the lattice 
be perfect wIth no Impuritles, a “free” electron can Interact 
and lose energy to Imperfections and Impurities. The elec- 
trical resIlstance In ohms depends on the mean free path for 
electron collisions with the imperfections and impurities. 
From this theory of electrica] resistance, we can easily derive 
Ohm law as was done 1n Chapter 9 on page 219. Qhm's law 
states that the resistance Is completely Independent of the 
value of the current and only dependent on the temperature. 
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Ans. 2: Electrons left side A making it more positive in net 
charge. 


The increase of electrical resistance with temperature 1s 
easlly seen according to this theory of electrical econduction. 
An Intrinsie source of lattice irmperfection 1s the vIbrational 
motion of the atoms due to the fact that they are not at ab- 
solute zero. Hence we have predicted that the resistance of 
a pure metal should Inerease with Increased thermal motlon 
of the atoms. The theory predicts the resistance should 
approach zero as the temperature approaches absolute zero. 
Thịs prediction agrees with experiment. 


SuperconduecfIuity 

The fact that a pure metal can have zero resistance or In- 
finite conduetivity at absolute zero should not be confused 
with a different quantum phenomenon called superconduc- 
tivity. Superconductivity is infnite conductivity at tem- 
peratures several degrees above absolute zero. Actually 
quite a few metals have this strange property of super- 
conductivity. Once a circular current has been started 
up in a superconductor, it should keep going by Itself 
until the cooling system breaks down. Such currents 
have kept going by themselves for years m the lab- 
oratory. The quantum mechanical explanation of super- 
conductivity 1s one of the current problems 1n theoretical 
solid state physics. Recently, considerable progress has been 
made In the understanding of this most remarkable phenom- 
enon. A very brief description of the theory goes as follows. 
Below a certain temperature, the disturbance of the lattice 
by a conduction electron is greater than the thermaÌl motion 
of the lattice disturbing the electron. The đisturbanece of the 
lattice by electron 4 will show an effect on the motion of 
electron Ö. The net effect is an effective attractive force be- 
tween electrons 4 and 7Ö, which In some materlals 1s greater 
than the electrostatic repulsive force. Hence, If both electrons 
are set In motion in the same directlon (a net current), this 
will be the lowest energy state available for the eleetrons and 
they must stay 1n that state because there 1s no lower state 
avallable for them; consequentÌy, there wIl be a permanent 
net electron current in their direction of motion. 
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Q.3: Can a superconductor with a small amount of Impurity 
st1ll have exacfly zero resistance? 


14-5 Semiconduct0rs 


Freedom tncreases tutth temperdture 


"There are some nonmetallic covalent crystals, such as 
sileon and germanium, where the wave functions of the 
outer electrons are not quite pulled out over the entire 
crystal, but are only pulled out as far as the atom's nearest 
neighbor. However, for silcon and germanium, the first 
excited state of an outer electron of the atom consists of an 
electron cloud large enough to meet the condition that 1t be 
pulled out over the entire crystal. As we have seen, whenever 
the size of the electron cloud becomes so great that it 
envelops several of the nuclel of the crystal, the wave 1s 
pulled out over the entire crystal. Silicon and germanium 
with all their electrons In the lowest energy states are 
covalent crystals or Insulators. However, 1ƒ some of the outer 
electrons can be excited Into the next highest energy state 
(called the conduction band), these excited electrons sud- 
denly become free electrons and the crystal can now conduet 
electricity. Ín germanium 0.72 ev ¡is required for an outer 
electron to be excited to the conductlon band. At room tem- 
perature (š7' = 0.025 ev) only an extremely small fraction of 
electrons wIl] have this much thermal energy. However, even 
though the fraction 1s very smaill, at least there will be some 
conduection electrons, wIth the result that the econduetivity of 
germamum will be many times that of an msulator or of 
germmanum at absolute zero. This fact explams why 
germanium 1s called a semiconductor. 

"The presence of a small amount of impurlity can increase 
the conductivity of a semiconductor enormously. For ex- 
ample, a few parts per milllon of arsenic can increase the 
conductivity of germanium by a factor of 1000 at room tem- 
perature. A comparison of the electron structures (Table 
18-1) of arsenic and germanium makes this seem reasonable. 
Arsenic has one more electron than germanium and, because 
of the Pauli prineiple, this electron must already be in the 
next highest energy state. So the outer electron of an arsenic 
atom imbedded m a germanium crystal should essentially 
ben the conduction band. Germanium 1s deliberately manu- 
factured with a controlled amount of arsenIic Impurity. This 
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Ans. 3: Yes. Otherwise such currents would not last undi- 
mmished for years as has been observed. Any laboratory 
sample wIll have a small amount of impurity. Also a small 
amount of impurity does not negate the quantum mechanical 
explanation. 


1s called m-type germanium (*w” for negative). Also ger- 
manium crystals can be grown with gallium Impurity. The 
gallium atom captures an electron away from a neighboring 
germanium atom leaving an electron hole which can move 
around from one germanIum atom to another. Thịs hole be- 
haves as a positive carrier of electric current. Germanium 
seeded with gallium 1s called p-type (“p” for posItIve). 

A p-n Junction consists of a semIconductor having reglons 
of p- and ø0-type Impurities adjJacent to each other. Then the 
semIconductor has the unusual property that 1ts electrical 
resistance is hundreds of times larger in one direction than 
the other. Such a device is called a crystal diode and has 
electrical characteristics siImilar to those of a diode vacuum 
tube; that 1s, lÝ a positive voltage 1s applied to the ø-type 
side of a p-n Junctlon, a large current wIll ow, whereas IÍ a 
negative voltage is applied, a small current wlll ñow. As with 
vacuum tube diodes, a p-z Jjunction has a low resistance If 
the voltage 1s applied ím one direction, and a high resistance 
IÝ applied ín the other direction. Thịis efect can be under- 
stood by referrimng to Fig. 14-8. In Flig. 14-8ø are two separate 
samples oŸ germanium, one seeded with arsenic donors 
(n-type) and the other with galium acceptors (?-type). 
Then there wIll be a diference Im Fermi leveÌs depending on 
the amount of seedimng or doping. Let us consider an example 
where the diference in Fermi levels is 0.2 ev. In Fig. 14-8, 
where the two samples are Joined, the EFermi levels wIll line 
up and a contact potential of 0.2 volt will be developed as 
explained m Section 14-3. lf the two sides are connected by 
a wire, there will be equal and opposite electron drIft cur- 
rents, ?„ and 7„. ï, is very small because there are very few 
electrons which have the 0.72 ev of thermal energy to get up 
1mnto the conduction band. Ôn the n-type side there are many 
electrons In the conduction band due to the arsenic donors, 
however, very few of them have the 0.2 ev oŸ kinetic energy 
requrred to c]imb up the potential hïll which is of that height. 
Now 1f the -type side of the diagram is lowered (by appÌying 
a positive voltage) a larger numbber of the conduction elec- 
trons wIll have enough energy to climb the reduced potential 
hill. 7; wiÌll merease greatÌy and the net current will be large 
as shown 1n Fig. 14-8c. However, If the ø-type side 1s raised 
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Fig. 14-8. Electron currents in ø-p Junction. (ø) and (ö) No 
applied voltage, (e) EForward voltage, and (đ) Back voltage. 
Note that applied voltage V causes a diferencein Fermi leveÌs 
eV. Net current 7 is conventional positive current. 
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asIn Fig. 14-8đ, the hI]l is raised higher than 0.2 ev and there 
are fewer electrons able to make it, with the result that the 
net current is smalÌ. 

The theory of semiconductors was so well understood in 
1949 that J. Bardeen, W. H. Brattain, and W. Shockley in- 
vented a crystal that should behave as a triode electron tube. 
They then proceeded to manufacture these semiconductor 
crystals, now called transistors. This development of vast 
technological mportance never would have been possible 
without an understanding of the theory of conductors and 
semlconductors. A translstor consists oÝ a p-n-p O0Y a n-p-n 
Junction with three electrical connections. We wHl not take 
the time here to go Iinto the detalled explanation of the 
theory of the transistor; however, the reader can get some 
idea of the principles involved by referring agam to Flg. 14-8 
and imagining a third piece of germanium at the right with a 
fxed voltage applied across the three pieces. In Fig. 14-8c 
when an additional positive voltage Is applied to the middle 
plece, a large current 1s available to ow to the right, whereas 
when a negative voltage Is applied to the center, onÌy a small 
current could make Its way through to the right. So here, as 
in the triode, we have the situatlon where a small change In 
signal voltage can cause large changes of current m the ex- 
ternal circuit. In this case the “signal”' voltage was applied 
to the center elerment of a ?-ø-n transistor, whereas m the 
vacuum tube triode it is apphied to the control grid. By now 
transistors have replaced triodes m many electronic cIrcuIfs. 
'They have the advantage that no heated cathode 1s required 
and they can be run on small voltages and small batterles. 

Another Important property of semIiconductors 1s photo- 
conductivity. This mechanism can be thought of as the 
photoelectric efect completely Imbedded mm a solid. Photons 
m the visible spectrum (or even 1n the infrared) can be ab- 
sorbed by the ground state outer electrons. The electron now 
has the additional energy of the photon, which 1s sufficlent 
to raise 1t to the conduction band. When light is shined on a 
photoconductive cell, its electrical resistance abruptly đe- 
creases. A most practical photo detector is a p-? Junction of 
high resistance (back-voltage applied). Now I1f light is shined 
ơn it, the change In current is especially strikimng; the elec- 
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Eig. 14-9. Arrows represent surface film creep of liquid 
hellum II into empty vessel. The surface acts as a syphon. 


Empty 


Liquid helium II 


Q.4: The usual symbol for a ø-n junction diode ¡s -Ế—. The 
convention 1s that the “easy” direction for current fow is 
along the arrow. Then which is the “ø” and which is the “n” 
side? 


trons excited by the light have enough energy to pass the 
small barrler. 

Another of the many applications of semiconductors is the 
solar battery. IÝ light shines on a crystal điode, both holes 
and free electrons are created. The currents of these wï]l not 
be symmetrie however because of the enormous differeneces 
in resistances for fows in the two directions across a Ð-# 
Junction. Thus more negative charge wIll ow one way and 
more positive charge the other, and a potential diference 
wIll be produeed. 


14-6 Superfluidity 
The easy tuay fo flÏ œ gÌass 


Another strange quantum mechanical phenomenon that 
occurs near absolute zero is the superfuidity of liquid 
helium. As heliuim gas is cooled down ït liquefes at 4.2° ab- 
solute. As the liquid is cooled down further, it suddenly 
changes Its propertles at 2.2° absolute. Then large-scale 
phenomena occur that are completely contrary to common 
experienee. For example, a partially 8lled vessel that is open 
at the top wlll quickly empty itself of this strange form of 
liquid helium (called helium II). The explanation 1s that the 
liquid crawls up the inside surface of the vessel (no matter 
how tall it is) over the rim and down the outside. For the 
same reason the reverse phenomenon also occurs (see 
Flg. 14-9). IÝan empty gÌass is partially immersed, the helium 
wIll quickÌy creep up the gÌÏass as shown until the beaker Is 
ñlled to the same level. As the temperature is decreased be- 
low 2.2°K, the amount of helium II increases. At absolute 
zero It would be all helium II. A strange property of pure 
liquid helium TT is that it cannot exert forces on anything. A 
high pressure firehose shooting a stream of this liquid could 
not even knock over a coin balanced on edge. The liquid 
would freely fow around the coin without exerting any net 
force on the coïn. Could a ñsh swim ïn liquid helium II? No, 
because it would freeze. But even a hypothetical nonfreezing 
fish could not swim because it would have nothing to push 
against. All it eould do would be to obey Newton”s first law 
of motion. Physicists express these strange properties mathe- 
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Ans. 4: The “p” is on the right side and “z” on the left. 


matically by saying the viscosity of helium II 1s zero. The Im- 
triguing problem is why 1s the viscosity zero? Like super- 
conductivity, the peculiar properties of liquid heÌium are now 
actively under study. Considerable progress has been made 
on the theoretical understanding of the superfluidity of 
Hquid helium TT. 


14-ƒ La$ers 


Sfimulated atoms tuorE tfogether 


Until the discovery of lasers In 1960, man was unable to 
shine a spot of light on the moon and detect 1t, or, at the 
other extreme, to obtain a tỉny spot of concentrated light no 
more than a wavelength in diameter. Laser beams of about 
5 x 108 watts power over very short perlods of time have 
been achieved. And sinee this energy can be concentrated in 
a spot the size of a wavelength of light, enormous tempera- 
tures can be achieved which wIll instantÌy vaporize any sub- 
stance. Ordinary sources of light emit independent photons 
from Individual atoms In the souree. sing lenses 1t 1s Im- 
possible to focus all the energy from such a source into a 
spot smaller than the size of the source Itself. However, IÝone 
could have a pure, continuous sine wave source of light, a 
simple lens wïll focus to a spot size of about one wavelength. 
It 1s possible to obtarn such a pure source of light by making 
use of what 1s called stimulated emission. There are two 
mechanisms by which an excited atom can emit Its photon. 
One 1s the usual random process called spontaneous emIission, 
and the other 1s stimulated emission. In this proeess an 
excIted atom in the presence of external radiation from other 
simlar atoms can be stImulated to emit its photon rr phase 
with the external radiation. In other words, IÝ an atom 1s hit 
by a photon like the one it would emit, the atom w]Ì]Ì emit 1t 
and will do so in phase with the “parent”` photon. 

Hence If a source of excited atoms can be continuousÌy 
supplied between two parallel mirrors, there w1ll be a buildup 
of photons all In phase with each other bouneing back and 
forth; that 1s, a continuous sine wave of electromagnetie 
radiation at the characteristie frequenecy of the atomIc radia- 
tion. In practiee, a partially reflecting mirror 1s used so that 
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Fig. 14-10. Energy level diagram for typical laser. 


Wc (Short~lived state) 
Spontaneous emission 


Wb (Long-lived state) 


Stimulated emission 


Wy (Ground state) 


a continuous stream of pure sine wave light leaks out. The 
only problem left is how to supply the continuous source of 
excited atoms. "Phis can he done by what ïs called optical 
pumping. Light of a higher frequeney from an outside source 
1s contInuousÌy supplhed to a sample of atoms which have 
energy levels similar to those In Fig. 14-10. Thịs higher fre- 
quency corresponds to transitlons from the ground state 
W, to W,. Now the excited atoms will elther re-emit the 
same frequeney photon by dropping back down to the ground 
state, or else emit a lower frequency photon by dropping 
down to W;. In certain materials, there is a higher prob- 
ability to drop down quIckly to WWy rather than all the way 
to the ground state, and, when at Wÿ;, the probability is then 
relatively low to give a spontaneous emission down to W. 
Such a material is ruby crystal (chromium lons trapped in 
aluminum oxide). It 1s possible by fast optical pumping to 
get more of the chromium atoms 1m state WWy than m the 
ground state. Then the first few spontaneously emitted 
photons corresponding to Wy — W„ will quickly stimulate 
other excited atoms to emit their photons in phase. 


0U hổ 

h 
sponds to red light. Since 1960 many other substanees, both 
solids and gases, have been used to emit laser beams over a 
wide range of frequencies in the infrared and visible spec- 
trum. The excited states can be produeced by electrical and 
chemical means as well as by optical pumping. Even certain 
types oŸ p-n Junetions will emit laser beams If opposite crys- 
tal surfaces are made reflecting by polishing or cleaving. Here 
the basile mechanism 1s photon emission by a conduction 
electron dropping down into a hole in the valence band. 'This 
transition can proceed via stimulated emission as well as 
sSpontaneous emission. 


For chromium lons the frequency ƒ= 


14-8  Barrier Penetration 
Leabing through q uudli 


Ther!IOHIC @Ission 
If an electrie field 1s applied which tends to pull eleetrons 
away from the metal, 1t 1s found that a steady current of 
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Fig. 14-11. Same as Flig. 14-6 except for external electric field. 
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EFig. 14-12. (ơ) The same potential energy as In Flg. 14-11. 
(b) The corresponding wave funetion of an inside electron 


having the Fermi energy ( — °). 


(z) 


tnergy 


electrons wIll actually leave the metal. The potential energy 
due to a unform field #Z 1s Ư = —ex. The combined poten- 
tial energy curve seen by a conduction electron 1s shown In 
Eig. 14-11. We can see that those few electrons that have 
thermal energy greater than W' can escape from their 
metallic prlson. 'Phis phenomenon 1s called thermionic emis- 
sion. We would expect that a small increase in temperature 
would cause a large increase In electron emission. Thỉs is 
why the cathodes in electronic tubes are heated. But even 
1l the cathodes are cooled to absolute zero, still some elec- 
trons are emitted! “This 1s a quite diferent phenomenon and 
1s discussed 1n the next paragraph. 


tField emission 

It 1s observed that a smaller electron current 1s still 
emitted from a cathode even at very low temperatures where 
no electrons can have thermal energles as high as W/“. 'This 
phenomenon 1s called ñeld emission and is an example of an 
Important quantum mechamical phenomenon that blatantly 
violates classical physlcs. The striking phenomenon referred 
to 1s the quantum mechanical penetratlon of a potential 
barrier. In this example we have a potential barrier of height 
M/ (see Flg. 14-12). Classically an electron of kinetic energy 
Ko mside the metal would have zero kinetic energy at the 
position xạ. The attractive potential of the metal would then 
pull It back 1m. Classically no electron could ever penetrate 
the slightest amount 1nto the barrier. ln the reglon between 
+x¡ and #øz a classical electron would have negative kinetic 
energy which is classically Impossible. However, we know 
from the Schroedinger equation that the electron wave could 
still exist m this region. Ït must curve away from the x-axis 
as shown In Fig. 14-12. Note that in this figure there 1s some 
probability of finding the electron outside the metal. Accord- 
Ing to quantum mechanics the chance that a given electron 
gets through the barrier must be /?¿ut/2¡„ for each time the 
electron collides with the barrier. A classical example of a 
potential energy barrler would be a marble rolling inside a 
bowl. If the marble 1s released inside the bowl with 1ts center 
at the height of the rim, it wIll roll baek and forth and never 
get out. However, according to quantum mechanlics there 1s 
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an extremely small probability [about one chance in 1019””] 
that the marble wIlÏl escape. 

Actually there is an example of barrler penetratlon in 
classical physics. Since the Schroedinger equation 1s of the 
same form as the wave equation for light or water waves, we 
might expect to find an example of barrier penetration ïn 
optics. The surface oŸ a plece of gÌass presents a barrier to 
light mside the gÌass trying to get out. TỶ the light strikes the 
surface at an angle of Incidence greater than the critical 
angle (angles forbidden by Snell's law), then the light beam 
cannot get past the barrler and 1s consequently totally re- 
flected back into the glass as shown In Flg. 14-13øơ. However, 
Ifanother plece of gÌass 1s brought near (with a wavelength 
or two) asIn Fig. 14-130, some light w1ll penetrate the barrler 
and contiue on in the second piece of glass. The ripple tank 
analogy of this is shown n Fig. 14-14. 


Ainha decay 

It is this same barrier penetration mechanism that ex- 
plans the natural radloactive decay of some of the heavy 
elements Into an œ-partiele (a heltum nucleus) and a residual 
nucleus. The a-particle 1s strongly bound by the nuclear 
force inside the nucleus. The potential which binds the 
œ-particle 1s the deep “well” shown In Flg. 14-15. Ôutside the 
nuclear radlus #, the potentlal energy 1s the electrostatic 
potentlal energy Q¡@Qz/7. Q)¡ 1s the charge of the a-particle 
and @; 1s the charge of the residual nucleus. However, in spite 
of the large barrier, the ø-particles do eventually manage to 
penetrate to the outside. For example, there Is a 50% chance 
öo£barrier penetratlion or radloactive decay in 4.5 billion years 
for a 235 nucleus. Thus the radioactive halflife of Ủ235 ¡s 
4.5 x 109 years. Since the earth is about this same age, there 
1s stll plenty of 238 around. All the isotopes having Z 
greater than 92 have high a-particle energies and conse- 
quently smaller barriers, and thus much shorter halflives. 
That is why none of them now occur naturally on the earth. 

W© now have a sImple quantum mechanrcal understanding 
of the phenomenon of radioactivity. Ít is because of the prob- 
abllistic nature of quantum mechanics. We© see why 1t is im- 
possible to predict Jjust when a given U23 nucleus will decay 
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Fig. 14-13. Barrier penetration of light. When second plate 
of glass is brought near the first, some of the light can then 
escape from the frst mto the second. 
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Fig. 14-14. Barrier penetration in a ripple tank. In (z) waves 
are totally reflected from a gap of deeper water. As this gap 
1s narrowed in (ð) and (c), a transmitted wave appears. The 
transmitted wave Increases In Imntensity as the gap decreases. 
(Courtesy Educational Services Ínc.) 
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Fig. 14-lã. The potential energy of an alpha particle 
“trapped” in a nucleus o£ radius #. After escaping from the 
nucleus Its kinetic energy would be Wa. 


Energy 


Anpentlx 14-Ì 


no matter how accurately 1t 1s measured. For the same 
reason, 1£ is Impossible to prediet Just where the next electron 
wIll strike the screen in electron diffraction. The subject of 
radioactivity and other aspects of nuclear physics are dis- 
cussed in more detall in the next chapter. 


Example 3 

"The radius of the U23 nucleus 1s 8.6 < 10 -13 em. When it decays 
1t emits an œ-particle of energy 4.2 Mev. What potential barrier In 
Mev does this œ-particle see when Inside the nuecleus? 

From Fig. 14-15 we see that the height of the barrier is Q¡Q;/J 
minus the energy of the a-particle. Thus 


W' -=.« — 4.2 Mev 


Qì —= 2“ 
Q› = 90e 
= 86 x 10 13cm 


ấy = 4.82 x 105 ©ergs = 30.1 Mev 


W' = 95.9 Mev 


Calculaton oƒ the Ferml ener8y 


Consider an empty cubical box of volume ⁄ < ⁄ x L cubic centi- 
meters at a temperature of absolute zero. If a single electron is put 
mnto ths box it wIÏl quickly radlate down to the lowest energy level. 
A second electron would also drop down to this lowest energy level. 
Because of the Pauli exclusion primnciple, a third electron must 
occupy the next highest or second energy level. A fifth electron wHÌl 
occupy the third energy level and so on. If the box contains a total 
of Ñ electrons, the Fermi level has the kinetic energy of the (W/2)-th 
energy level. Let us now consider the electron waves corresponding 
to each energv level as we địd for the one-dimensional box on 
page 322. In this three-dimensional case a given electron wave 1s 
specifed by three integers or quantum numbers: ;, Ñ,, and ®,. 
As explained on page 328, the quantum number Ä; Is the number of 
standing waves in the x-direction and has the value 
"... 

h 
where Ð, 1s the x-component of the electron momentum. lf 
KEo = PuZ/2m stands for the kinetic energy at the Fermi level, then 
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Fig. 14-16. Upper quadrant of sphere of radlus # = “Pa 


Pr0ÌleinIS 


Đẹ 1s the maximum possible value of Ð; for any of the N electrons in 
the box. The highest value of N; still corresponding to a filled state 
1s then (N;)o = 2LPs/h. The same 1s true for W„ and ®,. To obtaIn 
the total number of states that are flled we have to count up all 
possible combimations of three integers „, Ý„, and W, up to the 
above limit of 2LPs/h. 'This counting would be extremely tedlous 
without the aid of Fig. 14-16. In this ñgure, for convenience, we 
number at I-cm intervals W; along the x-axis, Ý„ along the y-axis, 
and XW, along the z-axis. Then each possible state (or combination 
of the three Integers) 1s represented as a unique poimt in space. These 
points make up a lattice of 1-cm cubes. Note that there are the same 
number of 1-cm cubes as of these points. Now use the fact that the 
8lled states will be Iinside a radlus #* = 2LPo/h. The total number 
of filled states will then numerically be the number of 1-em cubes 
enclosed by the spherical surface shown 1n Fig. 14-16. Since this 
volume 1s one-eighth of an entire sphere, 


Tổ 1 /2170) 
tai nu dan. 379 = ca) =- sa 
otal num.DeTr oÏ states 8 x< sẽ” Si T BỊ 


Since there are two electrons per state, the total number of electrons 
1S 


8mrVPạ3 
NWN!=— 
3h3 
where V = L3 is the volume of the box. 
Đolving for ọ g1ves 
Đ= 33 Siể 
8x V 


Now substitute this into Ko = Pạ?/2m and we obtain 


Kh. Ẻ ` 
8m \m 


where 


%œ= J 
V 


1. Which should change faster with temperature, the resistance of 
a pure metal or of a semiconductor? 


2, WIIl the resistance of a semiconductor increase or decrease with 
temperature? 


3. The depth of the potential well in tungsten metal is 9 ev and 
the maximum kinetic energy of the conduction electrons 1s ð ev. 
'What is the work function in ev? VWhat is the Fermi level in ev? 


(hapter l4 | 380 


4. A 1-em diameter vessel contains a 5-em column of liquid helium 
II. How long after the top ïs removed will it take before all the liquid 
creeps out of the vessel? The creep velocity 1s 50 em/sec and the fÌm 
thickness Is 10~5 cm, 


ð. In a metal the depth of the potential well is 11 ev. The work 
function 1s 4 ev. 
(a) What is the total energy (KE + U) ofa eonduction electron 
at the Fermi level? (Give correct sign.) 
(b)_ When an electron enters the surface of this metal, how much 
kmetle energy does it gain? 


6. How many conduction electrons are there per gram of sodium? 
How many conduction electrons are there per gram of germanium 
seeded with four parts per million of arsenic? 


7. Solar radiatlon at the earth's surface is 2 calorles/min/em2. 
What must be the area of a 20% efficlent solar battery im order to 
generate 100 watts? 


8. An electron with KE = 3 ev strikes a metal. As 1t enters the sur- 
face Its KE Imcreases to 8 ev. What is the depth of the potential well? 
(Assume the electron penetrates into the metal before undergoing 
a collision.) 


9. Metal A has Ứa = 4and KEH¿ = 3ev. Metal B has Ủạ = 3.5 and 
KEo = 2 ev. When connected together electrons will ñow from one 
to the other until the Fermi levels are equalized. Which of the two 
obtaims a positive contact potential with respect to the other? 


10. What 1s the heat of formation ín calories of one mole of KC] gas 
starting with K atoms and CI atoms? 


11. The work function of lithium metal 1s 2.36 ev. What 1s Ủa for 
lithium2 

12. The distance between the two protons In Hạ? ¡s 1.06 A. What 
would be the distance between two protons bound together by a w 
meson (207 times the electron mass)? 


138. In a certain heavy nueleus an a-particle collides with the poten- 
tial barrier 1022 times per second and ¿u¡a = 10—15, What 1s the 
probabllity that this nucleus would decay in a period of one year? 


14. TWwo diferent metals which happen to have identical potential 
wells have Fermi levels differing by 3 ev. 
(a) What will be the contact potential between these two 
metals? 
(b) Wnl the metal with the lowest Fermi level be positive or 
negative relative to the other? 


1ã. Consider a hypothetical substance, Metal 4. When photons of 7 
ev energy are absorbed by this metal, photoelectrons having energles 
up to 3 ev emitted. “The density of conduction electrons in Metal A 
1s such that the conduction electrons have kinetic energies up to 
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Prob. 17 


Fermi level 


5 ev inside the metal (neglecting any thermal energy they may also 
have). 
(a) What 1s the Fermi level energy for Metal A4? 
(b) What is the work function for Metal A4? 
(c) _ What ïs the depth of the potential well for Metal A? 
(d) How much kinetic energy đoes an electron lose as it leaves 
the surface of Metal A4? 
(e) _ What1s the photoelectric threshold in ev; that 1s, photons of 
energy less than this will never eject photoelectrons from 
Metal A. 


16. A certaimn metal has an attractive potential Ứo for electrons. A 
certam electron outside the metal hasa wavelength À = 10 A. When 
1t reaches the metal, the wavelength of this electron decreases to 
4A. What ïs the value of o in electron volts? 


17. TẾ two rmetals I and II are Joined together, the potential energy 
diagram is as shown m the figure. 
(a) What is the maximum kinetic energy of the conduction elec- 
trons while In metal II? 
(b) What 1s the work function in II? 
(c) What 1s the potential energy in II? 
(d) What is the ratio of electron wavelengths for an electron at 
the Fermi level? 


ÀU —2 
Àn 


18. The quantum numbers for a certam electron In a cubical box of 
side Ù are ;, „, and NÑ¿. 
(a) Write down equatlons for the z-, y-, and z-components of the 
mmomentum oÝ thĩs electron in terms of L„ m, and the quantum 
numbers. 
(b) What is the energy of this electron in terms of Ö, mm, L, N,„, 
Ñy, and N¿? (Hữmt: P2 — P;? + P„2 + P.1.) 
19. The solution to Part (b) of Problem 19 is W = »2/8mL2 x 
(N,? + N,2 + ÑN,?). Calculate the five lowest energv levels ín elec- 
tron volts for a box with U = 10-7em. 


20. Repeat Problem 18 for a rectangular box of sides L;, L„, and ⁄„. 
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Prob. 21 


U(x) 


21. Assume the potential energy curve between an electron and a 
negatively charged speck of dust of 10~1 em radlius would be as m 
Flig. œ. Consider an electron inside the sphere which has a wave func- 
tion asin Flg. ö. 

(a) What 1s the electron wavelength inside the sphere? 

(b) What is the electron velocity Immside the sphere? 

(c) What is the probability per collision for the electron to 

escape from the sphere? 

(d) Assuming the electron loses no energy, what 1s the mean- 

life for this electron to escape from the sphere? 
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Nuclear radius 


15-1 Properties of Nuclei 


JMrnriaturized qtoms 


Thịs chapter is mainly devoted to the understanding of 
the atomic nucleus and its structure. As we shaÌÌ see, protors 
and neutrons are very similar. For this reason the term 
“nueleon” is used for eIther a proton or a neutron. We would 
hope to explain nuclear structure in a manner similar to 
atomicˆstructure; namely, as a structure of nucleons bound 
into defnite orbits analogous to the structure of electron 
orbits in the atom. Ideally we would like to be able, In prin- 
ciple, to calculate the mass oÝ a given nucleus, Its spin and 
magnetic moment, the binding energles of its nucleons, and 
the energies of its excited states. In order to meet this goal, 
the force between two nucleons must be known exactly. 
Unfortunately, the nucleon-nucleon force 1s not as simple as 
the electric force, and so far it 1s not known with very great 
accuracy. Nevertheless, considerable progress has been made 
in understanding the structure of the nucleus and many 
nuclear properties can be predicted at least approximately. 

Before discussing our present knowledge of the nucleon- 
nucleon force and the structure of the nucleus, we shall re- 
view some of the experimental knowledge of nuclear prop- 
erties. First, Just how small is the nucleus? Nuclear size can 
be determined by bombarding atoms with high-energy elec- 
trons and counting how many of them score direct hits.* The 
result is that a nucleus of mass number 4 (number of protons 
plus neutrons) has nearly all of its nucleons tightÌy packed 
withi a radius 


HN —12x 1013 41⁄2cm (15-1) 


The experiments show that this equation holds quite well 
for all but the very smallest nuclei. Note that since the 
volume is proportional to #3, it is proportional to the first 
power of 4, the number of nucleons. Then according to 
Eq. 15-1 all nuclei should have the same density independent 
OÝ S1zZe. 


*Ƒor details on how nuclear sizes are determined see Section 15-5 and 
Appendixes Lỗ-1 and 15-2. 
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Q.1: Give a formula for the cross-sectional area of a nucleus 
of mass number A. 


kxample I1 

What is the density of nuclear matter in nucleons per cubic centi- 
meter and grams per cubic centimeter? The number of particles per 
cubïc centimneter is 


A 
ï. 
V 


and according to Bq. 15-1 the nuclear volume is 


L= “m = “u32 Xx 10-13)3 4 
“Thus 


NjC “`. 
kr X 1.93 x 10-34 


= 1.38 x 1033 nucleons per cm3 (15-2) 


The density is this number times 1.67 x 10-21 gm, the mass of one 
nucleon. Thus 


D= 2.3 x 101gm/cm3 


According to this, 1 em3 of nuclear matter would eontain 250 million 
tons. 


As with electrons in atomic structure, the nucleons are 
bound together by attractive forces which must be strong 
enough to overcome the repulsive Coulomb force between 
protons. Thĩs 1s called a nuelear force and ¡s discussed in 
Section 15-2. Experimentally, m light nuclei the binding 
energy per nucleon ¡increases with increasing A4 (see Fig. 
15-1). We might expect such an efect as the result of addition 
offorces; a single nucleon is more strongly bound ïf attracted 
by several others rather than by just one or two. However, 
above A4 = 80 the binding energy per nucleon gradually đe- 
creases with increasing A. This suggests that the attractive 
nuclear force is of short range (about the điameter of a single 
nucleon). Past this range the electrostatic repulsive force 
dominates; that is, when two protons are more than 
2.0 x 1012 cm apart, the force is repulsive rather than 
attractive. Nuclei in the region 4 = 80 are the most tightly 
bound. 

TWwo consequences of this behavior of the bimding energy 
asa function of A are nuclear fusion and nuclear fission. First 
consider what happens when an electron and proton are 
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Fig. 15-1. Experimental values of binding energy per nucleon 
as a function of the mass number A. 
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brought together. Then 13.6 ev of energy 1s released with the 
result that the mass of the hydrogen atom 1s 13.6 ev” less 
than the mass of a free electron plus proton. Similarly, two 
light nuclei wIll have more mass or rest energy than wïÏl thelr 
sum. If they can be brought together they wIll “fuse” to 
their sum with a release of energy corresponding to the mass 
difference. This process is called nuclear fusion. In Section 
15-5 we will see that this mass difference can be larger than 
one-half of 1%. On the other hand, 1ƒ a hezuy nucleus 1s split 
into two smaller nuclel, the two pleces wlll have less tmmass 
than does their parent by as much as one-tenth of 1%. Thus 


Ans. 1: Area = zRZ 


: *t is common practice in physics to use energy as a unit of mass. The 
= 13 41⁄3)2 2 : TÁC : 
= 7{(1.2 x 10 l A13)? cm corresponding value of mass can always be obtained from the relation 
= 4.52 x 10-25A2⁄3 cm2. M = W/C). 
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there is a tendency for a heavy nucleus to ssion into two 
smaller nuclei with a release of energy. The energy of an 
A-bomb and of a nuclear reactor is the energy released in 
nuclear fssion. The energy of an H-bomb is energy released 
1m fusion. 

Alpha decay (see Section 14-8) can be thought of as a 
lopsided fission where the parent nucleus Ä⁄ splits into a 
small a-particle and a large residual nucleus 3M“. Alpha decay 
1s possible only 1f in the reaction 


M-—>M' + œ 


the mass Ä is greater than 3 plus the œ-particle mass. Then 
the nucleus will be radioactive and can alpha decay. Ít turns 
out that ÄM > (M' + M,) for all nuclei with Z > 82 (lead). 
Above Z = 92 (uranium) the alpha decay halflives become 
signifcantly shorter than the age of the earth. Thịs is why 
no elements of atomic number greater than 92 occur 
naturally on the earth. Such elements, however, can be pro- 
duced artifclally by man. For example, plutonium (Z = 94) 
can be produced from uranium in nuclear reactors; this 
process has now become sufficiently common so that the 
price 1s about $15 per gram. So far elements up to Z = 104 
have been produeed, but at much higher prices and usually 
in very minute quantities. It is expected that radiochemists 
will eventually succeed in producing extremely minute 
quantities of new elements even beyond Z = 104. 

Just as electrons m an atom can be excited to higher 
energy “orbits” or energy levels, so nucleons in a nucleus can 
be excited to higher energy “orbits.” Thus each nucleus has 
a set of energy levels above 1ts ground state. See Fig. 15-2 for 
the energy levels and gamma ray transitions of phos- 
phorus-31. Note that this nuclear energy level điagram has 
the same features as the atomic energy level điagram of 
Elg. 13-18. Such an excited nucleus can drop to a lower 
energy level by emitting a photon (called gamma ray by 
nuclear physIcists). For example, If a neutron hits a 233 
nucleus (the superscript means that A4 = 238), a (U239)* 
nucleus is formed, where the star means some excited state of 
che U23° isotope. hen 


(U?39)* —, Ú239 + y 
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horizontal line represents an excited state of the P1! nucleus. 


Fig. 15-2. Energy leveÌs and gamma transitions m %1, Each 
(Reprinted from Ö#euieus oƒ Modern Physics, October 1957.) 
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Q.2: What ís the probability that a radioactive nucleus 
should survive 10 halflives? 


where y stands for the emitted gamma ray. Of course, each 
excited state has its own definite energy level, spin, and mag- 
netic moment. The measurements of these plus other quan- 
tiies for the many excited states of over 1000 different 
isotopes keep the experimental nuclear physicist and radio- 
chemist busy. The results of such measurements have both 
practical applications and improve our understanding of 
nuclear structures and nuclear forces. 


15-2 Radioactive Decay 
When tt goes, nobody bnous 


A large class of physical phenomena exhibit what is called 
exponential decay. So far we have studied two such phe- 
nomena: (1) alpha decay of a heavy nucleus; and (2) emission 
o£a gamma ray or photon from an excited atom (Chapter 13) 
or nucleus (Section 15-1). In each of these cases there is a 
fñxed probability of decay per unit time, 

W© recall from Section 14-8 that the U?3% nucleus decays 
according to the laws of probability as a consequence of the 
wave nature oŸ matter. The probability that the a-particle 
be found outside the nueleus is proportional to (ứout)2 (see 
Flg. 14-12). The nature of probability is such that if a gIven 
nucleus has by rare coincidence managed to survive many 
halflives without decaying, this previous history will in no 
way influence its future chance of decay. The same is true for 
coin tossing. IÝ you happen to toss five heads in a row, the 
probability 1s still one-half that the sixth toss will also be a 
head. We can never predict when a given nucleus will decay. 
All nuclei of the same kind always have exactly the same 
probability for decay no matter how long they have lived. 
For example, half the nuclei of a radioactive isotope of one- 
year halflife will decay in the first year, but an individual 
nucleus that survived the 8rst year will still have a 50-50 
chance of decaying in the second year. If it survives the ñrst 
two years, I1ts probability of decay during the third year is 
stilÏ one-half. 

Let us now study in more detail the decay of U23, The 
probability that any given U23 nucleus decay in one year is 
prob. = 1/(6.5 x 109). In a period of A years the probability 
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Ans. 2: lt is ($)19 or 1 chance In 1024. 


decay 1s 


A£ 
prob. = 65 x 105 (15-3) 
Using this probability we can calculate the average length 
of time a U23 nucleus wIll live. The result is the value in the 
denommator of Eq. 15-3, or 6.5 x 109 years. This quantity 
1s defned as the meanlife r. Ín terms of the meanlife, the 
probability for decay in a time A/1s 


prob. = = (15-4) 
Exuamp‡e 2 
Derive an approximate formula for the meanlife due to alpha de- 


cay In terms of the ratio ($°) 


1n 
In Section 14-8 it 1s shown that the probability of escape each time 
the alpha particle collides with the barrler 1s 


prob. = ) 


coi, — (hạ. 


Vin 


The number of collisions in a time A/ is the distance traveled (u A/) 
divided by the diameter of the nucleus (2), 


U Â£ 
2P 


coÏÌ. ~ 


lf we multiply the two above equatlons by each other, we obtain 


prob.~ “=” à£ ( ) 
2R Vu 


OTr 


prob. 0 out 


From Bq. 15-4, A£/prob. = r, hence the above quantity 1s the mean- 
hfe; namely, 


_ễÕẺ^2R ( in } 
“ U out 


This equation demonstrates how quantum mechanics can 
be used to calculate lifetimes as well as the other properties 
of atoms and nuclei. Present quantun mechanical theory 
gives as full an explanation of radioactive decay as It does 
of anything else. As we shall now see, Eq. 15-4 holds only 


T 
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Number of remaining atoms 


Fig. 15-3. "The radioactive decay curve. The number of 
radloactive atoms remaining after a time ý is plotted on the 
vertical axis. The time ý in terms of the meanlife 7 is pÌotted 
on the horizontal axis. 


tr 0.57 0.6937 107 


Time 


Q.3: Is the average lifetime of a radioactive nucleus equal to 
the halfife of that isotope? 


when Aý is mụuch less than 7. According to this equation, if 
Af = r7, then each nucleus has one chance in ten of decay- 
¡ng. If we start with 1000 238 atoms, about 100 of them will 
decay in r/10 = 6.5 x 108 years. In the next period of 
6.5 x 108 years about 90 of the remaining 900 will decay. In 
the third interval of 6.5 x 108 years, about 81 of the remain- 
mg 810 will decay, etc. The number of atoms remaining after 
a time £ is plotted In Fig. 15-3. 

In order to calculate this curve precisely, we must take A# 
to be very small. Then the number of atoms remaining after 
a tìme A/1s 


ÁN AuĂI = 
7 


where ¿Ảo is the Initial number of unstable particles of mean- 
le r. After m intervals of tỉme A£, where ý = n A£ 


N LẦU = 20" 
= 


¬... 


T 


JÑ/ NWo(1 + +) tr 
== MNMq{(1 2b +)1⁄z]"t 
Thịs relation becomes exact In the limit as A/ (or as *) 


approaches zero. The limit (1 + x)1⁄2 as x approaches zero 
1s a famous number in mathematics. Ït is 


lim [( + x)1⁄z]=e 
where e = 2.718.... Hence 
N = Nge-t (15-5) 


What must be the value of £/z for half of the particles to 
have decayed? For this particular value of £ that we have 
previously called the halflife we shall use the symbol 7. 
According to _Eụq. 15-5 we have 


e-T⁄r = ‡ 
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Eig. 15-4. Radioactive decay curve. Phe number of atoms 
remaining as a function of tỉme over a time interval oỂ four 
halflives. 


N 


®ọ 


Number of remaining atoms 
# 


g1 37 4T 


Ans. 3: No. The average lifetime 1s the meanlife which 1s 
longer than the halfife. 


A table of logarithms shows that 


eT0.693 _~ Ỷ 
Thus _ = 0.693 


or T = 0.698: 1s the halfife (15-6) 


Note that for U23 the halflife 1s 7' = 0.693 x 6.5 x 109 
vears = 4.5 billion vears. lÝ we substitute the quantity 
T/0.698 for r in Eq. 15-5, we obtain 


No 0o (e~9.693)1⁄7 


Áo 
OF 
#=)” tên 


At the end of two halflives (# = 27'), one-fourth of the par- 
ticles remain. At the end of three halflives, one-eighth re- 
mam, etc. Equation 15-7 Is plotted m Flg. 15-4. These decay 
curves (Figs. 15-3 and 15-4) are called exponential decay 
Curves. 

For gamma emission, the probability of a nucleus m an 
excited state emitting a photon can be calculated by using 
quantum mechaniecs. Thus each excited state of the phos- 
phorus nucleus ím Fig. 15-2 has a definite halflife. A similar 
type calculation gives the halfife or probabilty that an 
N=92,i= I1 hydrogen atom wIlÌ emit a photon and “decay” 
down to a ground state hydrogen atom. The result is that the 
probabllity of photon emisslon 1s øroÖ. = A//1.6 x 10-9 for 
A# in seconds. Thus the halflife of a sample o£ excited hydro- 
gen gas with all the atoms In the W = 2, /= I state 1s 
1.1 x 109 sec. 


15-3  Radioiso†0pes 


“Man-rmnade” nuclei 


New isotopes that do not occur In nature can be produced 
easily by bombarding naturally occurring 1sotopes with neu- 
trons. Unl]ike charged particles, neutrons lose littÌle energy 
while traversing matter and can easily penetrate to the 
atomie nucleus. Quite often when a neutron hỉts a nucleus 1t 
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Q.4: A sample of U23 is bombarded by neutrons for 30 min. 
During bombardment the amount of 239 is increasing. After 
bombardment does the amount of U23 follow a pure expo- 
nential decay curve? Does the amount of Pu23° in the sam- 
ple follow a pure exponential decay curve? 


wIll be absorbed. "Then a new isotope containing one addi- 
tional neutron is formed in an excited energy level. The 
newly formed excited nucleus will then usually gamma decay 
to the ground state. Quite often the ground state is aÌso 
radioactive. Those isotopes whose ground states are radio- 
active are called radioisotopes. As an example, let s consider 
the bombardment of U?35 with neutrons. When U23 absorbs 
a neutron 1t forms the radioisotope 239 in an excited state 
which we shall denote as (U239)*, 


Ñ + U28 _› (U239)* 


Then the excited nucleus quickly gamma decays to its 
ground state: 


(U239)*T—› U239 + y 


The new radloisotope 239 does not occur In nature, and beta 
đecays with a halfife of 24 min to form a residual nucleus 
having Z = 98 (neptunium): 


U239_› Np?39 s_ (Œ— dhjf 


The symbols e~ + » and the mechanism of beta decay are 
điscussed further ín Chapter 16. It turns out that the residual 
nucleus Np2?3® is also unstable to beta decay. It decays with 
a halflife of 2.3 days to plutonium (Z = 94): 


Np?39— Pu?39 + e~ + 


In January 1934 the idea occurred to Enrico Fermi that 
he might be able to produce artificial radioactivity by 
bombarding diferent substances with neutrons. Fermi and 
his Rome group systematically bombarded every element 
they could obtain m order of increasing atomie number. By 
May 1934 they had worked their way up to uranium. How- 
ever, not only dịd they observe the U23 beta decay halfife 
but also a complicated mixture of other halflives. They felt 
that they had probably produced one or more trans-uranic 
elements by the beta decay of 23% to a nucleus of Z = 93 
and that perhaps this also beta decayed Into Z = 94, ete. At 
the time Fermi said that he địd not completely understand 
his results. The reason hïs results were so complieated is that, 
unknown to Fermi, some of the excited U?39 nuelei ñssioned, 
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Ana. 4: The U23° follows a pure exponential decay curve. 
However, as the U23 js decaying, the amount of Pu?39 1s at 
first increasing rather than decreasing. 


and the many possible fssion products made up a mixture 
of many diferent halfives. If Fermi had completely under- 
stood his results, the whole world, mcluding Hitler, would 
have known back in 1934 about the possibility of an atomic 
bomb. 

In December 1938, EFermi was awarded the Nobel prize for 
his work in discovering these new isotopes and how to pro- 
duce them. Since 1t 1s the custom for one”s family to accom- 
pany the prize winner to Sweden, Fermi had the golden 
opportunity to get his family out of Fascist Italy. After 
receiving his award, Fermi headed for the Dnited States. 
Shortly after arriving in the Dnited States, Fermi learned 
about ñssion and địd the pioneer work that led to the atomic 
bomb. The famous letter of Einstein to President Roosevelt 
pointing out the signifcance of Fermis work 1s shown In 
Flig. 15-5. 

The use of radiolsotopes In industry, medicine, agriculture, 
and research is widespread and of great econormnic Impor- 
tance. Small samples of biological and industrial material 
can be ““tagged” with radioisotopes. Blologrical and industrial 
processes can then be studied by tracIng the tagged materlals 
with radiation detectors. For example, genetic material m a 
chromosome can be tagged. The resulting Information on 
gene location, chromosome duplication, and combination 1s 
invaluable to the science of genetIcs. 


15-4 Biological Effects of Radiation 


What you don't see can hurt you 


When charged particles pass through matter, they collide 
with atomic electrons leaving a traïl of lons behind. Con- 
sequently, molecules of living matter are disrupted or 
damaged by the passage of charged particles. The nature and 
efects of this damage are of more interest to biologIsts than 
physicists. However, because of the widespread interest and 
Importance of the subject, we shall summarize some of the 
main points. The efects of radiation are mportant to those 
interested ímn civilian defense, military planning, foreign 
policy, nuclear power, nuclear weapons testing, radIoisotope 
applications, nuclear research, etc. 
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EFig. lỗ-õ. Letter to President 
Roosevelt from Albert Einstein. 


Áugusat 2nd, 1959 
P.D. Roosevelt; 
Preaident of the Ưnited Statesa;, 


White House 
Waahington, D.E, 


Some recent work by E."ermi and L, Szilard, which haø been oom- 
municated to me in manuscript, 1eade me to expect that the element uran- 


ium may be turned into a new and important eource of energy in the im- 


neỏiate future. Certain aepecta of the situation whiích hae arisen seem 


tơ call for watchfulness and, if neceasary, quick action on the part 
of the Administration. I believe therefore that it ia my duty to bring 
to your attention the followinz; facts and reeormendatione:‡ 

In the couree of the last four months it haøe been made probable « 
throuzh the work of Joliot in Pranee as well ae *®ermi and Szilard in 
ÂAmerica - that it may become possible to set up a nuclear chain reaction 
in a larze mase of uraniun,by which vast anounts of power and large quant- 
itieø of new radium-like elementse would be øenarated. Now 1t appears 
almost certain that this could be achieyed in the immediate future. 

Thia new phenonenon would also 1lead to the conetruction of bombs; 
and 1t is conceivable - though nuch 1ese certain - that extremely power- 
ful bombs of a new type may thua be constructed. Á single bơmb of this 
type; carried by boat and exploded in a port; might very well đeetroy 


the whole port together vith aome of the surrounding territory. However, 


1l underatand that Germany has actually stop2ed the sale of uranium 
from the Œzechosloyakian minee which she haø taken oyer. That she ehould 
have taxen euch early action mizht perhape be underetood on the gøround 


that the son of the German Under-Secretary of State, von Yelzeacker, is 


attached to the Kaiser=Ÿilhelm-Inetitut in Berlin where øome of the 


American work on uranium ie nọow being repeated, 


Youre very truly› 
z MÀ 5 


(Albert Einstein) 


trom Franklin D. Rooseoelt Library 
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A practical unit of radlation dose for monitoring purposes 
1s the rad. A rad is so đdeñned that If 1 gm of biologlcal matter 
receives a radiation dose of 1 rad, then 100 ergs of energy 
will be dissipated (energy lost by the lonizing particles). 


1 rad liberates 100 ergs/gm 
"The rad is a modifcation of an older unIt called the roentgen. 
1r (roenfgen) liberates 83 ergs/gm 


Let us now estimate the radiation dose contributed by the 
cosmic rays in one year. Experiments show that a fast- 
moving charged particle loses about 2 Mev m traveÌling 
through 1 em of water. The cosmic ray fux at sea level 
liberates about 4 ergs/gm of water per year. Thus the natural 
radiation level due to cosmic rays is about 0.04 rad per year, 
or 3 rads per human lifetime (70 years). A comparable 
amount of radliation comes from natural radioactive Isotopes 
contained m soll and rock. Thus the total background dose 
due to natural sourees 1s about 0.1 rad per year, or 7 rads per 
lifetime. 


Lethal dose 

Ifa human receives 400 rads over his entire body ín a short 
period of time, the biological damage 1s so great that there 1s 
about a 50% chance the individual will die. This amount of 
radiation is called the lethal dose. 


Lethal dose = 400 rads 


A dose of about 200 rads wIll cause radiation sickness. Às 
some of the body tỉssues have recuperation ability, an In- 
dividual receiving 400 rads over several years will probably 
survive, although his health may be adversely afected. 


“Permnisstble”` dose 

Varlous industrial and research jobs involve work with 
radioactive materials. In 1957 the International Comrmission 
on Radiological Protection established 5 rads per year (100 
millirads per week) as the maximum dosage for radiation 
workers, 


thapter 15 | 398 


Eig. 15-6. (z) Photograph of diÑraction pattern obtained by 
shinng monochromatic light on a black disk. (ö) Plot of 
Iintensity obtained from the photograph in (ø) as a function of 


difraction angle. 


Light intensity 


0.1 


0.01 


0.001 


= E= :- =ẽ: z 
=: = ——== + =: 
= === . 

==: —— — 
= E====== :=: + 
EErsSEE ==.- EE 
—+- + + " tị 
= ===: + SE BEE 
=ĂE + 
SEIESESE ST 
IEITLIE TT TT 
F s + = = SEE + 
IE:i6ce====..==ẽ=: =E RE 
+ =.== =>. =5 
s5 == = : = + _== =<=== 
¡ dị: ii li‡£eEEc EÊ 
š ======= 
s === 
= : — + ¬= 
+ = 
s 
I5 BE t3 IEE BI EEEEE HE 4 E3 C DEI 
SE == =E: šg =—== 
 c=: =E ===š==-~. 
=s=s===xs=se = 
=“== = = = 
E=====-= ===: 
Chi Em =..=.= 
EliiiiLEEEllELrrr 
: = E 
+: SE == EEH Sẽ 
E† s===E E 
L†‡ 1 ‡ + 
18 † + 3 EI E181 ñEi =3 


Distance from center 


(b) 


Permissible dose for radiation workers = õð rads per year 


Note that for a 50-year working life, this corresponds to 
about forty times the dose received from natural radiation. 

The maximum permissible dose for a large population is 
usually taken to be 10% of the dose for the occupationally 
exposed people. 


Permissible dose for average citizens 
= 0.5 rad per year or 30 rads per lifetime 


Thịs is about four times the dose received from natural 
radiation. In the United States a major source of radiation 
comparable to the natural background radiation is the 
medical use of x-rays. The radiation level due to nuelear 
weapons tests will remain below that of natural background 
as long as the 5 nuclear powers refrain from testing in the 
atmosphere. 

A common misconception is that radiation below the per- 
missible dose does no harm. "The fact is that any radiation 
does biological damage. A chromosome mutated by radiation 
will reproduce itself in the same mutated form. There are 
many uncertainties m the science of genetics, but 1t 1s certain 
that natural radiation contributes to the natural mutation 
rate, and that any Increase in radiation, no matter how small, 
will increase this rate. The natural mutation rate in humans 
1s so high that 1t results In serious abnormalities in about 3% 
of all births. Thus nuclear warfare 1s to be feared, not onÌy 
for the unprecedented damage it can do to the belligerents 
but for the accompany1ng increase in world-wide radiation 
level which would affect all people in all nations. 


15-5 Diffraction Scattering 


The mos potuerƒuÏ microscope 


If the wave nature of matter is correct, we must expect to 
observe classical difraction patterns whenever a beam of 
particles of short enough wavelength strikes an atomic 
nueleus. As shown m Fig. 15-6, when a beam of light of wave- 
length À strikes a black disk of radius ?#, there is a resulting 
circular difraction pattern where the position of the frst 
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EFig. 15-7. Results of scattering 19 Bev protons on lead. 
Number of scattered protons is plotted vs. scattering angle. 
The smooth curve is the classical difraction pattern corre- 
sponding to light of the same wavelength shining on a disk 
of radius 7.ð x 10~13 em. 


10 


Pp2?72 


(2: 


R= 750 x 1013 em 
103 


102 


Relative number of scattered protons 


10 


minimum 1s given by 


sin đượn = 0.61-À- (15-8) 
R 

This phenomenon 1s basically the same as single-slit difrac- 
tion described in Problem 26, Ch. 10. Those photons which 
strike the black disk are removed from the incoming beam. 
Similarly, when a proton beam is aimed at a large nucleus 
like lead, those protons which score direct hits are lost from 
the beam. Hence the lead nucleus is mathematically the 
same as a black disk of radius ?# illuminated by an incoming 
beam of wavelength À = h/P where P is the proton momen- 
tum. Whether the particles are photons or protons, the solu- 
tion to the wave equation is the same as that of the classical 
problem of light waves difracted by a black disk; that 1s, 
Eq. 15-8 must apply to high-energy protons as well. All we 
need do is to replace À in Eq. 15-8 by h/P to obtain 


sin đụn = 0.617 (15-9) 
The proton difraction pattern is observed by measuring the 
number of elastically scattered protons as a function oŸ ổ. 
The result for the scattering of 19 Bev protons on lead 1s 
shown in Fig. 15-7. The points show the results of measure- 
ments made at 30 diferent angles rangmng from 0.11” to 
1.03°. The smooth curve is the standard intensity pattern of 
light difracted by a black disk assuming light of the same 
wavelength as the protons. The departures of the proton re- 
sults from the smooth curve are not because of any violation 
of the wave nature of matter, but because the lead nucleus 
does not behave as a simple black disk with sharp edges. A 
black disk with partially transparent edges can give a smooth 
curve which would agree with all the experimental points. 

Bquation 15-9 can be used to determine the size of any 
nucleus by solving for #: 


h 
=061l—>— 15-10 
PR=061 PsnDr ( ) 


For example, in Fig. 15-7, đmạ¡a occurs at 0.24° which when 
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Q.5: Would the central diÑraction peak ofa proton ““core” be 
wider or narrower than that of the semitransparent disk? 


substituted Into Edq. 15-10 gives  = 7.5 x 1013 em for the 
radius of the lead nucleus. ven scattering of protons against 
protons gIves a difraction pattern, but in this case the pat- 
tern departs even more from that of the black disk with 
sharp edges because the proton 1s IncreasingÌy transparent 
from I1ts center to its edge. No second maximum is seen in 
the proton-proton scattering pattern; however, the effective 
radius of the proton can be obtained by measuring the width 
of the central maximum. The result is 1.1 x< 10~13 em for the 
optical radius of the proton. 

But what about possible structure of the proton? Does 1t 
have a hard, “black”” core as does the atom? A small black 
disk or core superimposed on a large semitransparent disk 
will give a complex difraction pattern: the central maxinmum 
will be a superposItion of two central maxima of the two cor- 
responding widths. So far no such efect has been clearÌy 
seen. An upper limit on the size of a possible core can be 
obtained from Eq. 15-10 by inserting the highest value 
of Psin Ø observed so far. "The highest energy proton-proton 
scattering was done at the Brookhaven AGS utilizing the 
full energy of the accelerator which 1s the highest In the 
world. A target containing hydrogen was bombarded by a 
beam of 32 Bev protons. The scattered and recoll protons 
each went of at 1ã° from the beam direction, each with half 
the beam energy. The product Đc sin Ø 1s then 4 Bev or 
P sinØ0— 2.13 x 10-13 gm cm/sec which when inserted 
into Eq. 15-10 gives a value of 0.19 x 1013 em. Actually a 
core of about half this size should give enough of its central 
maximum to be detectable. Hence we conclude that the pro- 
ton has no core as large as 0.1 x 10~13 em. We see that the 
AGS and other high energy accelerators can correctly be 
thought ofas super microscopes which can measure distances 
down to a fraction of a fermi. (The fermi 1s a unit of length 
equal to 10~13 em.) "This 1s a billion times more resolution 
than the best optical microscope. In order to see structure in 
the proton with a resolution better than 0.1 x 1013 em, 
higher energy accelerators must be built because the above 
value of Psin Ø 1s the highest that can be obtained by existing 
accelerators. 
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Eig. 15-8. Potential energy diagram of the elementary 
nueleon-nucleon force. 


tờ 
20 


Repulsive 


10 


f 
3 x 10T! em 


Potential energy in Mev 


Attractive 


=20 


Ans. 5: In Eq. 15-9, as # decreases, mịn Increases; hence the 
difraction pattern is wider. 


15-6 The Nucleon-Nucleon F0rce 
The elementary force oƒ the nuclear “atom” 


The main goal of physics is to explain all physical phe- 
nomena by means of a small number of simple, fundamental 
principles. Since material objects are made up o£ electrons 
and nuclei, our approach so far has been to study the funda- 
mental- interactions of electrons, nuclei, and photons. W© 
saw in the last chapter that this approach has met with great 
success. It has given a complete (although dificult to cal- 
culate) explanation of the structure and Interactions of 
matter. In fact, the modern theory of quantum electro- 
dynamics is so good that when applied to atomic physics It 
predicts results more accurately than can be measured. 5o 
far no discrepancy between experiment and theory has been 
found despite the fact that some of the experimental results 
are more accurate than one part in ten million. 

On the other hand, quantum electrodynamics cannot ex- 
plain the structure of the atomiec nucleus whịch we now know 
to be made up oŸ protons and neutrons. A new, fundamental 
force law is needed to explam what holds the protons so 
tightly together within the nucleus. Thịis force must be even 
stronger than the electrostatic force Im order to overcome 
the electrostatic repulsion of the protons. This new force, 
called the nuclear force or strong interaction, 1s roughly a 
hundred times stronger than the electrostatic force. 

Except for a weak electrostatic repulsion, the strong 
proton-proton, proton-neutron, and neutron-neutron nuclear 
forces are all the same and are called the nuecleon-nucleon 
force. Although the detailed form of this force is stlll not 
known, a crude plot of the potential energy between two 
nucleons is shown in Fig. 15-8. The e?/z electric potential 
energy between two protons is shown for comparison (dashed 
curve). This nuclear force also has the peculiar feature that 
1t looks like Flig. 15-8 1f the nueclear spins are parallel; on the 
other hand, when the spins are antiparallel, the nuclear 
force is considerably weaker. As we shall see In the next sec- 
tion, the depth of the potential well shown mm Flg. 15-8 can 
be determined from the binding energy of the deuteron. 
More detailed information on the shape of this potential 
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comes from the proton-proton and neutron-proton scattering 
experiments. Á proton-proton scattering is shown in Flg. 3-2. 


15-7 Structure of the Nucleus 


Orbtfs of nucÌeons 


In atomic physics, the only atom we were able to analyze 
easilly was the one containing just one proton and one elec- 
tron, the hydrogen atom. We encounter the same situation in 
nuclear structure: the easiest nucleus for us to analyze is 
made up of Just one proton and one neutron, the deuteron. In 
the deuteron, the neutron and the proton are bound together 
with an energy of 2.22 Mev. 


Examp‡e 3 

The masses of the deuteron, proton, and neutron are 1875.49 Mev, 
938.21 Mev, and 939.50 Mev, respectively. What is the binding 
energy of the deuterium nucleus? 

'The total binding energy is the sum of the masses of the Individual 
nueleons minus the mass of the nucleus. Thus binding energy = 
(Mp + My) — Mp = 2.22 Mev. 


As with the hydrogen atom, we should be able to caleulate 
this bimding energy once the force between the two particles 
1s known. The problem 1s merely one of finding the lowest 
order wave function corresponding to the potential energy 
of Fig. 15-8. To first approximation the potential energy can 
be drawn as a “square wel]l” of radius zo = 2.3 x 10-13 em. 
Thịs 1s shown in Fig. 15-9ø. The red horizontal line is the 
energy W corresponding to the lowest order standing wave 
shown in Fig. 15-9ö. 

W© shall now make a calculation. We© have the cholce of 
calculating the lowest energy level W knowing the depth of 
the welÌ, or else of calculating the depth of the well knowing 
W (the measured binding energy). The latter is what was 
actually done historically, and is thus what we chose to do 
here. We will start with the knowledge of the binding energy 
and the range rạ of the nuclear force. Qur goal is to obtain 
from this Immformation the depth of the potential well which 
Isa measure of the strength of the nuclear force. We start by 
noting that the lowest order standing wave is about a half- 
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(a) 


(b) 


Energy in Mev 


Wave function 


———-~-- lẽ =1) 221V(, 


wavelength across the deuteron; that is, 


›= 2ro 


= 4rọ 


The momentum of the proton or neutron will be ø = Ö/À. 
While mside the well, the momentum of the proton or neu- 
tron wIll be 


TU 
TYT” 


and the kinetic energy will be 


p h2 


“=..= 32Mnq° 


'The total kinetic energy 1s twIce this, or 


TÝ we use ro = 2.3 x 10~13 em, we obtaIn 
Ksai = 3.00 x 105 ergs = 18.7 Mev 
TẾ Ứa 1s the depth of the well, we see from Fig. 15-7ư that 


ao — KHHbotal + BE 


The results of many experiments such as neutron-proton 
scattering and the binding energy of the deuteron are used 
to determine the nucleon-nucleon foree (Fig. 15-8). Note that 
the deuteron wave function extends out beyond r= 
5ð x 10”13 em, Thus the deuteron 1s less dense than heavier 
nưclel. 


EFig. 15-9. (2) The approximate potential well for the 
neutron-proton force. () The lowest energy wavefunction. 
"The correspondimg energy of this state is W = —2.22 Mev. 
(€) Distribution of nuclear matter in the deuterium nucÌleus. 
"The amount of whiteness ís proportional to the square of the 
nucleon wave function projected onto a plane. 
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Fig. 15-10. Average nuclear potential seen by a neutron in a 
nucleus of radius #. The heavy red lines are the occupied 
states. The dashed red lines are unoccupied or excited states. 


PR=12x108A% 


Q.6: Ifin a large nueleus the nucleon spacing s is halved, how 
does this efect the maximum kinetic energy of the nucleons? 


Hequy nuclet 

The reason for the high density of nucleons in heavy 
nuclei can be understood by the following. Start with a large 
number of free nucleons with a distance s between adJacent 
particles. Now slowly push them together (decrease s). Sud- 
denly when s becomes less than 2.5 x 10~13 em the nucleons 
feel the strong attractive force of their neighbors, and their 
binding energy increases correspondingly. Ôn the other hand, 
we saw in Chapter 14 that when free electrons are crowded 
closely together, their average kinetic energy must Increase 
because of the Pauli exclusion principle (see Eq. 14-1). Since 
protons and neutrons are also spin-‡ particles, they must also 
obey the Pauli principle. Thus the efect of the exclusion 
prineiple 1s to decrease the binding energy as s is decreased. 
Fortunately, the nucleon-nucleon attractive force 1s Just 
barely strong enough to allow a “happy medium” between 
these two efects; that 1s, there exists a value of s, where the 
binding energy is maximum (1ƒ the nucleon-nucleon force had 
been 30% weaker, the efect of the exclusion principle would 
dominate and no nuclei could ever exist). The value of s that 
gIves the maximum binding energy determines the s1ze of 
the nucleus. The experinental resuÌt is s = 1.9 x 10-13 em 
as determined from lq. 15-2. 

Let us now consider a single neutron Inside of a heavy 
nucleus. The neutron sees an attractive force averaged over 
all the other nucleons In the nucleus. In Chapter 14 an 
analogous situation was the potential seen by a free electron 
inside of a metal. The average potential energy curve seen 
by our neutron 1s shown in Elg. 15-10. It is about 42 Mev 
deep for all medium and large nuclei. Adding more nucleons 
will not increase the strength of the net force on a given 
nucleon because, as pointed out before, a nucleon is onÌy 
attracted by its nearest nelghbors. Actually about A/2 
neutrons are crowded Into this potential well. Because of the 
Pauli primciple they wlll occupy diferent states or energy 
levels up to the Fermi level. 


Example 4 
What is the Fermi level for 4/2 neutrons which are trapped In the 
potential shown In Fig. 15-10? 
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Ans. 6: If s is halved, the particle density 9L increases by a 
factor of 8, and the Fermi level increases by a factor of 82⁄3 
or 4. 


According to Eq. 14-1 the highest energy neutron has kinetic 
energy 
h2 Ệ : là 
KREo =——|—Ÿ 
= SM \z 
where 9% 1s the number of neutrons per cubic centimeter. The num- 


ber of neutrons per cubic centimeter would be approximately one- 
half the resuÌt obtained In Ea. 15-2. Thus 
h2 (3 
Kh (Ẻ 0.69 10) 
0 BI x x 
— (6.69 x 10-?7)2 
— 8x 1.67 x 1022 


KBEo = 33.7 Mev 


2⁄3 


x (66 x 1038)2⁄3 — 54 x 105 erg 


We see from the example that the highest occupied neu- 
tron energy level is about 34 Mev above the bottom of the 
potential well, or about 8 Mev below zero energy. Thus a 
minimum of 8 Mev 1s needed to remove a single neutron 
from a typical nucleus. Thịs is m agreement with the data 
shown 1n Fig. 15-1. We have only discussed neutrons; how- 
ever, the protons see just about the same average potential 
and have Just about the same energy levels. 

From this sưnplifed “square-well” model of nuclear struc- 
ture we can predict many things, such as the energies of the 
excited states (the dashed lines in Fig. 15-10). We would get 
the result that for a nucleus like phosphorus (A = 81), the 
average spacIng between the lowest excited states 1s about 
1 Mev. This checks with the experimental result (see 
Fig. 15-2). As the diameter of the nucleus or of the potential 
well 1s increased, higher order standing waves of the same 
wavelength (or KE) will ñt in; that is, a larger nucleus con- 
taïns a larger number of permissible energy levels. And since 
the depth of the well stays the same, the average spacIng 
between energy levels must become less for larger nuclei. For 
a nucleus-like lead we would predict a spacing between 
excited states significantly less than 1 Mev. 'Phis aÌso agrees 
with experiment. Heavy nuclei have many closely spaced 
excited states, while light nuclei have few widely spaced 
excited states. Not only can the energy values of excited 
states be crudely predicted, but so can the angular momenta. 
Thịs 1s discussed mm the next paragraph where an Irmnportant 
refinement wïll be made to our potential well model. 
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Fig. 1ã-11. Relative spacing of nuclear energy levels taking 
into account spin-orbit interaction (force is larger ¡f spin and 
orbital angular momentum are parallel). As with the hydro- 
gen atom, each energy level or “shell” contains subshelÌs cor- 
responding to the quantum number m. The total number of 
nucleons requrired to fill these subshells is given ¡n the right- 
hand column. 


No. nucleons per energy shell 


Energy levels 


The shell model 


Each of the neutron energy levels shown in Fig. 15-10 
corresponds to a defnite wave function or “orbit” of definite 
energy and angular momentum. This is true for both the 
occupled levels and the higher levels or excited states. 'Thhese 
energles and angular momenta can be calculated theoret- 
Ically and agree quite well with experiment. Figure 15-1] 
shows the caleulated energy and angular momentum of each 
of the states. These energy levels are those of the potential 
well shown 1m Fig. 15-10 modified to take into account the 
observation that the force on a nucleon 1s greater IÝ its spin 
and orbital angular momentum are in the same direction. 
The sum of the spin and orbital angular momentum 1s the 
total angular momentum 7. We see that a nucleus that has 
the W = 5, = 4,7 = $ shell completely Ølled has a total of 
50 neutrons (or 50 protons). We also note from Fig. 15-11 that 
there 1s a large energy gap between this energy shell and the 
next highest one. Thus we woulÌd expect that nuclei having 
50 neutrons (A-Z = 50) or 50 protons (Z = 50) would be 
strongly bound and particularly stable. Thịis checks experi- 
mentally. For example tin (Z = 5O) has 10 stable isotopes, 
which is more than any other element. Also the natural 
abundance of nuclei with 50 neutrons or 50 protons 1s 
significantly higher than those with 51 neutrons or protons. 
For these reasons 50, along with 2, 8, 20, 82, and 126, is called 
a magic number. In its present form the shell model does 
not explain all the observed properties of all the nuclei. How- 
ever, it has been quite successful in predicting, among other 
things, the angular momenta of most nuclel and 1t shows 
great promise of further Improvement. 


15-8 Nuclear Fission 


* Eisston 1s redlỦy of no sigmificance to anybody excepf 
people.” D. H. Wilhinson 


This quotation 1s an observation that there is nothing of 
fundamental Immportance to be learned from fission. Às we 
observed m Section 15-1, the increasing contribution of the 
electrostatlic repulsion m the very large nuclel makes them 
less strongly bound than nuclei of half the size. Thus 1Ý one 
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could slice a big uranium nucleus m two, the resulting two 
groups of nucleons left over would reorder themselves Into 
more tightly bound nuclei—releasing energy while in the 
process of reordering. We see that spontaneous fission 1s per- 
mitted by the conservation of energy. However, In the case of 
the naturally occurring nuclel, the potential barrier (see 
Section 14-8) is so great that the probabrlity for spontaneous 
fission 1s even smaller than that for œ decay. For example, 
the halfife of U23 due to spontaneous fñssion alone 1s 
8 x 1015 years. Thịs 1s more than one million timnes the age 
of the earth. Ôn the other hand, If such a nucleus is hit by a 
neutron, it can be exciIted to a higher energy level closer to 
the top of the electrostatic potential barrler and thus would 
have higher probability for ñssion. Also, such an excited 
state can have high angular momentum and be egg-shaped. 
'The far ends find it much easier to penetrate the barrier be- 
cause they have already partially penetrated 1t, hence the 
barrier is reduced even more when the nucleus 1s egg-shaped. 
When 238 captures a neutron it becomes 239 ín an excited 
state, and the halflives of some of these states for spon- 
taneous ñssion are Just fractions of a second. When 235 or 
Pu239 captures a slow neutron, states are formed which have 
extremely short lifetimes for fission. Thhe mass diference be- 
tween the uranium nucleus and typical fñssion products is 
such that 200 Mev of energy is released In the average 
uranium fssion. 


kxample ð 
How many ergs of energy are released by the fssion of l gm of 
uranium fuel? The rest mass of a uranium nueleus is 2.2 < 105 Mev. 
'The fraction of mass converted to energy 1s then 200 Mev divided 
by 2.2 x 105 Mev or 9 x 10-4, Thus, almost one-tenth of 1% of 
uranium mass gets converted to usable energy. Since l gm of any 
substance has Ä⁄e? = 9 x 1020 ergs, l gm oÝ uranium reÌeases 


W=9x101x9x 1029 ergs = 8.l x 101 ergs (15-8) 


Comparing the above result to the 2.9 x 1011 ergs released 
by burning 1 gm of coal, we see that uranium fission fuel 1s 
almost three million times as “efficient.” On the other hand, 
1 gm 0 uranium is more expensive than I1 gm of coal. How- 
ever, the cost per erg is 400 times more for coaÌl than for 
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Q.7: What would be the weight of plutonium used up ïn a 
1 megaton fission explosion? 


uranium fuel. This explains the rapidly increasing use of 
nuclear reactors for power production. 

Nuclear fission can be made self-sustaining by a cham re- 
action process. Each fssion releases 2 or 3 neutrons. Then, 
lÍ one of these neutrons manages to induce fssion In another 
uranium nucleus, the process 1s self-sustaining. An assembÌy 
of fssionable material that meets this criterion 1s called a 
critical assembly. The first of these, called a nuclear pile, 
was constructed by Enrico Fermi in a squash court at the 
University of Chicago. A bronze plaque 1s mounted at the 
site which reads “On December 2, 1942 man achieved here 
the frst self-sustaining chai reaction and thereby initiated 
the controlled release of nuclear energy.” 

A mass of U235 or Pu??9 can also be made supercritical. 
Here the neutrons from one ñssion induce more than one 
secondary fssion. Since neutrons travel with velocities 
greater than 108 cm/sec, a supercritical assembly can be all 
used up (or blown apart) in much less than a thousandth of a 
second. This device is called an A-bomb. "The standard 
method for making a sphere of plutonium supercritical is 
the implosion technique. A subcritical sphere of plutonium 
is surrounded by chemical expÌosives. When these go of, the 
plutonium sphere is momentarily compressed. Because Its 
density is then signifñcantly Increased, ¡t wIll absorb neutrons 
ata rate faster than the rate it loses neutrons to the outside. 
This is the condition for supercriticality. Apparently the 
explosion of an A-bomb can be made reasonably efficlent 
(most of the plutonium is consumed rather than blown 
apart). Chemical energies are such that one ton of TNT 
releases 109 calories, or 4 x< 1018 ergs. We see from Eq. 15-8 
that an A-bomb consuming 1 kg of plutonium or Ũ235 has an 
energy release of 8 x 1029 ergs or 20,000 times as much. 'This 
is called a 20-kiloton A-bomb. Thus present-day megaton 
bombs are roughly a million times more powerful than con- 
ventional TNT “blockbusters.” Not only is the energy re- 
lease a million times worse but also each gram of plutonium 
or U?35 consumed must result in a gram of fission products, 
which are all initially radioactive. This is an extremely large 
amount of radioactivity. 
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Ans. 7: It would be 50 từnes as mụch as in a 20 kiloton ex- 
plosion; namely, 50 kg. 


15-9 Nuclear Fusion 
Bì ĐC 027/0) 


Ôn a scale where the deuterium mass 1s 2, the observed 
value of the helium mass would be 3.975. Thus when two 
deuterons are Joined together into helium, six-tenths of 1% 
of the original rest mass 1s converted Into energy. We see that 
1Ý this fusion process could be used for energy production, it 
would be about six times more efficlent than fssion of 
uranium. Purthermore, there 1s an unÌimited and inexpensive 
supply of deuterium in the water of the lakes and oceans, 
which 1s not so for other fuels. The world”s suppÌy oŸ gas and 
oil will be depleted in a few decades. Even the suppÌy of coal 
and uranium will last only a few centuries at most. 'Phe big 
stumblmng block to obtaming unlimited energy from “sea 
water” 1s Coulomb's law. 'The electrostatic repulsion between 
two deuterons at room temperature does not permit them 
to get withm the range of each other”s short-range, attractive 
nuclear force. 


Exampi‡e 6 
Assume two đeuterons must get as close as 10-12 em im order for 
the nuclear force to overcome the repulsive electrostatie force. What 
1s the height Im million electron volts of the electrostatie potential 
barrier? 
e2 _ (4.8 x 10-19)2 


=“.¬ `. ẽ~. 2.3 x 10-7 erg = 0.14 Mev 
r 


Exampie 7 

To what temperature must deuterium be heated so that the 
average kinetic energy per deuteron is 0.14 Mev? 
KE = $#T = $x 1.38 x 10-16 7 = 2.3 x 10-7 erg 

T'— 1.1 x 109? € 


From this example we see that If deuterium could be 
heated to a billion degrees, fusion would take place. Because 
of barrier penetration, the temperature need not be this high. 
Nuclear reactlons that require temperatures on the order of 
millions of degrees are called thermonuclear reactions. The 
termperatures momentarily obtained in an A-bomb explosion 
are high enough to Ignite a mixture of deuterium, tritium, 
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Q.8: In a gas of deuterium at a temperature of 1.1 x 108 
degrees 1s it possible for any of the deuterons to have kinetie 
energy above 0.14 Mev? 


and L8. Once the thermonuclear reactions are started, the 
extra energy they release can sustain the high temperature 
until much of the material is quickly “burned.” Then we 
have what is called an H-bomb. The thermonuclear fuel for 
an H-bomb is very inexpensive, and there is no limit to how 
much can be used in an individual bomb. H-bormbs of about 
20-megatons yIeld (equivalent to 2 x 107 tons of PTNT) prob- 
ably cost about one million dollars each. 


Controlled fusion 


In order to obtain usable power from fusion, we must have 
some control over the thermonuclear reactlons. We must 
have some way of generating and sustaining temperatures of 
many millions of degrees. One of the technical problems is 
that of confining the high temperature gas or plasma in such 
a way that the container walls will not melt. A large amount 
of efort has gone Into solving this technological problem, 
with little success so far. Strong magnetic fields are used in 
an attempt to keep the plasma lons from the walls. At the 
present stage of development it 1s difficult to predict whether 
this approach will ever be economically successful. Some 
experts In the fñield predict success by the end of the century. 
Another possible approach to thermonuelear power is to fnd 
a practical way of tapping the energy release of H-bombs. 


Stcllar energy 

Our own sun is smaller than the average star. Yet it con- 
tinuously radiates 4 x 10?3 kilowatts of energy out into 
space and has been đoïng so for billions of years. Such an 
enormous amount of energy could be supplied only by con- 
verting mass into energy, as In the fusion processes. Ít is 
beleved that one major source of the suns energy is the 
conversion of hydrogen into helum by the following 
sequence of fusion processes: 


H'+H!-›H?+e†+z 
The symbol H1 stands for hydrogen and z for neutrino, a 
neutral particle of zero rest mass. The above reaction in- 


volving a neutrmo is called a weak interaction and is dis- 
cussed in Chapter 16. The above reaction is followed by 
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Anes. 8: Yes. The energy distribution will be exponential with 
a mean value KE = 0.014 Mev. A smaill fraction of the par- 
ticles can have 10 times the mean energy. (It is like the 
probability for a nucleus to survive 10 meanlives.) 


H2 + H!— He3 + y 
He3 + He3 —› He1† + HI + HI 


In the above sequence three hydrogen atoms are used to 
make He3. Then two such He3 eventually combine to form 
He! along with two hydrogens. The net result is that four 
hydrogen atoms combined to form one He! with an over-all 
energy release of 28.5 Mev. 


15-10 osmic Rays 


The poor man”s high-energy accelerdfor 


About 30 ergs per square meter of starlight strike the 
earth every second. However, an additional, but Invisible, 
40 ergs per square meter coming from outer space aÌso strike 
the earth every second. This somewhat larger ux of energy 
is in the form of high-energy particles, mainly protons and 
alpha-particles. These primary particles and the secondaries 
they produce in the earth's atmosphere are called cosmic 
rays. The number of primary particles striking one square 
meter of the earth's upper atmosphere and having energy 
greater than 5 Bev is about 1500 per second. Actually, most 
of these cosmic ray primaries are below 10 Bev, although 
some have been observed as high as 109 Bev. Cosmic rays 
have been and still are a useful tool for the study of high- 
energy interactions. However, the modern high-energy accel- 
erators permit much more controlled and accurate deter- 
minations than do most experiments that use the low 
intensity, uneontrolled eosmie ray particles, although several 
of the more recent elementary particles (see Chapter 16) 
were first điscovered by using cosmic rays. Now they all are 
produced by the high-energy accelerators and can be studied 
1n much greater detall. 

There are two problems to be explained: (1) where do the 
cosmic rays come from, and (2) how do these particles get 
accelerated to such hỉgh energies? In 1949 Fermi proposed 
what is considered to be a major mechanism for accel- 
erating the cosmic ray particles. Observations show that 
there are moving interstellar gas clouds that have assoclated 
magnetic fields (moving charges produce an assoclated mag- 
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netic field). Fermi proposed that the “collisions” of the 
faster moving cosmic ray particles with these regions of mag- 
netic field will tend, on the average, to accelerate the cosmiec 
ray particles. Charged particles rmoving randomly about 
encounter the magnetic fields carried by drifting gas clouds, 
and are “reflected” by them with increased energy if the 
cloud 1s mitially drifting toward the particle and with de- 
creased energy 1Ý the cloud is drifting away. Since more col- 
lisions per unit time wïll occur with the cloud moving toward 
the particle than when 1t is moving away, there should be a 
net gain in energy by the particle, on the average. This is the 
same mechanism as that which gives rise to the equipartition 
of energy discussed on page 138. 

More recently clues have been obtained as to the source 
of the cosmie ray particles, which are then further accel- 
erated by the Fermi mechanism as they randomly drift 
through space. With the heÌlp of modern radio telescopes, it 
has been determined that the Crab Nebula (see Fig. 15-12) 
contains a high intensity of cosmic ray partieles that are 
leaking out into space. It has been estimated that the num- 
ber of such particles is so great that they could account for 
as much as a third of the cosmic ray intensity. Actually, these 
particular eosmie ray particles have not reached us yet. Be- 
cause of their repeated Fermi-type collisions with regions of 
magnetie field, these particles have not had sufficient time 
to diffuse the 3500 light years distanee to the earth. We know 
that most of these particles were emitted within a period of 
a few years because the Crab Nebula is the visible remains 
of a giant supernova, which occurred on July 4, 1054 A.D. 
The explosion was so spectacular that it was first noticed 
during the daylight hours. Thịs enormous nuelear explosion 
was well recorded by the Chinese and jJapanese. In fact, 
there are even crude records of it by the Navaho Indians im 
an Arlzona canyon. But not a single mention of it has been 
found ïín any European chronicle. Perhaps Europe had a 
stretch of bad weather during the peak days of the explosion. 

As 1ts hydrogen 1s consumed, the density of a star changes 
and the thermonuclear processes can become unstable, as in 
an H-bomb. A supernova is a gigantie, uncontrolled thermo- 
nuclear explosion of an entire star. Supernovae in our galaxy 
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Á Fig. 15-12. Two views of the Crab Nebula taken in diferent 
kimds of lipht. View (ø) is a continuous spectrum of light 
emitted by the radiation of high energy particles accelerating 
In magnetic fields. View (ð) is taken in light corresponding 
to the emission spectrum of hydrogen. Thịs view shows the 
locations of the gas clouds rather than the cosmic ray 
particles. 


seem to occur every few hundred years. Ít seems reasonable 
that much of our present cosmic rays were emitted by 
ancient supernovae. The more rare very high-energy cosmie 
rays may have their source In the newly discovered quasars. 


I5-II Social Responsibility of Scientists 
The second duty 


Whether we like it or not, basic physics research affects 
more than Just our understanding of the physical world. For 
example, fssion and fusion have had such a great impact on 
our culture that many of us feel the very survival of eiviliza- 
tion as we know it is đdangerousÌy hanging by a thread. As 
expressed by H. B. White: “The bomb has given us a few 
years of grace without war and now it promises us a mil- 
lenium of oblivion.” 

Since the development of the atomie bomb in 1945, a 
small, but quite signifcant fraction of the world”s scientists, 
have felt some soclal responsibility for at least pointing out 
to the public and the politicians the extreme risks involved 
1n policles that might lead to nuclear war. One of the 
activitles of a group of these scientists 1s the publication of a 
monthÌy magazine of sclence and public afairs, Builetin of 
the Atomie Scienfisfs (see Fg. 15-13). Thìs sense oŸ responsi- 
bilty on the sclentists" part helps explain the unusual 
amount of political activity we fnd among part of the 
sclentifc community. We might have expected that the 
campalgn to stop the testing of nuclear weapons would have 
been initiated by the social scientists, or by the religious 
leaders, rather than by the scientists. 

Some people resent this “meddling” of scientists Into 
politics. There is the valid objection that a scientist who is 
high m the public esteem for his scientifc accomplishments 
might make rash, oversimplified statements about matters 
outside his field of competenece, thus confusing and mislead- 
¡ng the public. Because of his prestige and reputation for 
careful thinking, a scientist who speaks publicly on related 
political matters must exercise great care. jJust as his scien- 
tiñc opImions are based on careful thought and study of the 
relevant subJects, so should his political opinions be based on 
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careful thought and study. But onee this condition 1s met, 
the sclentist who delves into the relationship between sclence 
and politics Is performing a valuable public service. 

Such a sclentist also feels he Is performing one of his duties 
as a sclentist. This ““second duty” of the scientist 1s expressed 
by John M. Fowler in his book #ø?out. 


Public opImmion on the great nuclear questions remains largeÌy un- 
formed and uninformed. To present to the public the raw materials 
from which this opinion can be forged is both the privilege and the 
duty of the sclentist. For m our world of complex knowledge and 


Fig. 15-13. Front cover oŸ two successive issues oŸ the Bul- burgeoning technology, scientists have not one but two essential 
letin of the Atomic Scientists. Serving as a warning that there duties: fñrst, the traditional duty of seeking the truth; secondly, the 
1s little time left, the hands of the clock were moved forward as duty to communicate to all who need it the knowledge gained in their 
a consequenee of the frst Soviet H-bomb explosion of Aug. 8, search. 
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Fig. 15-14. Beam of neutrons striking pÌate of area tử. 


Some scientists feel this “'second duty” more strongly 
than others. However, as long as political judgments must 
be based on technical knowledge and scientific judgment, 
there wIll be scientists who feel it their duty to heÌp con- 
tribute toward political judgments as well. Certainly it 
would be dangerous to society for a politician who has no 
sclentifie background to make such vital decisions alone. 


Determination oƒ Nuclear Sizes Using 
Neutron Beams 

A neutron will travel in a straight line until it hits an atomic 
nucleus. Then it will interact and be lost from the original neutron 
beam. The efective area of the atomic nuclei in a sheet of material 
such as a copper plate can be determined by measuring how many 
neutrons are lost (the quantity (V — Nˆ)m Flig. 15-14). The prob- 
ability of losing a neutron is the ratio of the total nuclear area to the 
area of the plate. 
N.ụø 


Œ 


prob. = 


where ¿ Is the total number of atoms In the plate, ơ is the efectlve 
area of each atomic nucleus, and ở is the area of the plate. The num- 
ber of neutrons lost will be this probability times the number of 
neutrons hitting the plate: 


( )ư 
bị 


Solving for ø gives 


NET 
=————(t` 1s the area of the nucleus 
TNU SG ÔN, 


Ơ 
Nand N“ can be measured by a special neutron counter similar to a 
øeiger counter. The total number of atoms ¿¿ is obtained by weigh- 
ng the plate 


N,= AM Nạ 
A 


where 4 is the mass of the plate, A is the atomie number, and Wo 1s 
Avogadro's number. The quantity ø ¡s called the nuclear eross sec- 
tion and for high energy neutrons is z#È?, where # ¡is the nuclear 
radius. 
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Eig. 15-15. Electron of momentum ø scattered by atomic 
nucleus of charge Z. 
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Determmmation of. Nuclear Size Using Hiph 
Energy Elecfirons 

As shown in Fig. 15-15 if a high energy electron passes by a nucleus 
of charge Ze at a đistance ở, 1t will be deflected toward the nucleus 
by an angle Ø. Because of Coulombs law, the closer the approach to 
the nucleus, the stronger will be the force, and the greater will be 
the deflection. An equatlon can be derived giving Ø m terms of ở. 
However, If the electron gets so close that it penetrates inside the 
nucleus, 1t no longer sees a strong Coulornb force (we recall that the 
electric field inside a uniformly charged spherical shell is zero). 
Hence the maximum angle of deflection occurs when ö = #, the 
nuclear radius.* We see that the nuclear radius can be determined 
by measuring Øụax. All we need is the formula relating ở to Ø. An 
approximate đerivation goes as follows. 

Let Äp be the change m momentum of the electron due to the 
Coulomb force. From Newton's deBnition of force we have 
Àp =iAV 

_ ⁄Ze? 


“na Đ 


We make the approximation that the force acts full strength when 
the electron is within a distance ở of 1ts point of nearest approach; 
that is, Af = 2ð/0. Then 


Ze? (”) 
Ap=~“—|— 
z b2 \Db 
From the Ñgure we see that ÂAp = p tan Ø. Substituting this into the 


left-hand side of the above equation gø1ves 


2Ze? 
UÖ 


?P tan 0 — 


Or 
__ Z€? 


tan Ø 
9E 


Our approximations turn out quite good thĩs time since the exact 
relation 1s 


NA c2. 


6 
t —— 
P0 tan ọ 


* Actually, electrons penetrating inside the nucleus will sti]Ì experlence sorne 
force due to charge inside the nucÌeus, and henece be defiected somewhat more 
than Ø„ax. The limit Ø,ax is thus a fuzZy limit. But if we measure the shape and 
extent of this '*fuzziness” in the scattering distribution, we can calculate back 
and determine the charge distribution inside the nucleus. Thịs has even been 
done for high-energy electron-proton scattering with the result that no 
charged core to the proton has been found. 
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The nuelear radius In terms of Ø,„;„ 1s then 
Ze2 


n9 mg 
.. 


where WW 1s the electron energy. 


Pr0lIlel\S 1. Is the mass of an atomie nucleus Ìess or greater than that of the 
particles of which it 1s composed? 


2. A radioactive isotope with a one year halflife 1s produced and 
an individual nueleus doesn't đecay im the frst year. What then 1s 
the probability that this nucleus wIll decay sometime during the 
second year? If this particular nucleus happens to survive the first 
€wo years without decaying, what will be the probability that it 
will decay sometime during the third year? 


3. Tí the halflife of radium ïs 1600 years, what fraction of a sample 
of radium wil] have decayed after 3200 years? 


Prob. 4 4. What is the halflife of the isotope whose decay curve is as shown? 


5. Which is longer, three halfives or two meanlives? 


)) 
=) 
© 


¬ =l—— 6. What per cent of a radioactive sample decays during one mean- 
life? During two meanlives? 


s 100 ==--=. 7. In a certaim heavy nucleus an alpha particle collides with the 
Pa potential barrier 10?? tìmes per second and 

= 

ì 

ö 50 (°) —= 10-14, 


in 
(a)  What is the probability that this nucleus would decay In one 
second? 
(b) Approximately how long would the average nucleus of this 
type live? (Give answers to the nearest power of 10.) 


8. Consider a sample of 1000 radioactive nuclei with a halflife 7. 
Prob. 9 Approximately how many will be left after a time 7/2? (Hữu: the 
same fraction đecays during the frst half-halflife as the second.) 


9. The diagram represents the potential well for a proton In an Iron 
(Z = 96) nucleus. In the ground state all the proton energy levels 
are filled up to Wa. 

(a) Which letter represents the kinetic energy of the Fermi 
level? 


(b) la proton of energy Wạ inside the nucleus is given addi- 
tional energy of the amount (œ + ở), what will be its kinetic 
energy when it gets far away from the nucleus? 


(c)_Write a formula for the quantity “*œ”ïn terms of and any 
other quantitles you wIsh to use. 
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W ¡in Mev 


Prob. 16 


(d) If we go to a smaller nucleus such as carbon, the quantity 
“đ ” wIll be larger, smaller, the same in magnitude. If we go to a 
larger nucleus such as lead, the quantity “ở” will be larger, 
smaller, the same in magnitude. 

(e) IÝ we go to a nucleus with twlce as many nucleons as Iron, 
by what factor will ?# increase? 

(f) Assume that in this double-sized nucleus the density of 
nuclear matter stays the same. )oes quantity “e” increase, đe- 
crease, or remain the same? 


10. The sun has a diameter of 864,000 miles and an average density 
of 1.41. What would be the diameter of the sun 1Í it had the same 
mass but the density of nuclear matter? 


11. Ina thermonuclear bomb, 18 kg of explosive can give an energy 
release equivalent to one million tons of TT. One ton of TNT re- 
leases 109 calorles. How many grams of this thermonuclear explosive 
get converted to energy? 


12. A big nucleus Ä contains 204 nucleons and has a binding energy 
per nucleon (BE/A) equal to 8 Mev. Assume that the rest energy of 
one free proton or one free neutron 1s 940 Mev. 
(a) Find the rest energy (or rest mass) of nucleus X. 
(b) Nucleus X emits an a-particle (BE/A) = 7 Mev and changes 
into nucleus ŸÝ which has (BE/A) of 8.1 Mev. Find the amount 
of energy released (in the form of X# of œ and Y ) In this process. 


13. According to Fig. 15-11 a nucleus having Z = 50 (tin) would be 
particularly stable. From this fgure determine another element that 
should be particularly stable. 


14. A sample of radloactive materlal contains 1012 radioactive 
atomas. If the halflife 1s I hr, how many of these atoms will decay in 
1 sec? (Hint: What is the relation between the probability that an 
atom decays In 1 sec and 1ts meanlife? What is the relation between 
the meanlife and the halflife?) 


lỗ. One rad will liberate 1.2 statcoulombs of positive and 1.2 stat- 
coulombs of negative lons per cubic centimeter of air. If the density 
Of air 1s I.3 x 10-3 gm/cm3, how many electron voÌts are required 
for each ion pair? 

16. We shall consider the following photonuclear reactlon: 

y + CuS3 —› (Cu§3)* followed by (Cu®3)* —› N2 + P. 


The highest energy proton ỉn a copper nucleus sees a potential well 
as shown above. For this proton KB + U = —8 Mev. 
(a) What 1s the kinetic energy of this proton? 
(b) Tf this particular proton absorbs a 15 Mev gamma ray, what 
will be the barrier height for it? (How much more energy 1s 
needed to get over the top of the barrler ?) 
(c) _ What ¡s the potential energy of this proton while inside the 
nucleus? 


(hapter l5 | 420 


(d) What ïs the binding energy of this proton? 


(e) One could now calculate Vout for such an excited proton. 
in 

Assume the result is 10~8 and that the proton makes 1022 col- 

lisions per second with the barrier. What then 1s the meanlife 

for the decay (Cu83)* —› Ni°2 + P? 

(Q _What would be the KE of the decay proton after it is far 

from the nucleus? 

(ø}) Suppose the proton has instead absorbed a Ìower energy 

gamma ray. Would the meanlife be greater, less or the same as 

your previous result? 

(h) What is the energy threshold for this photonuclear reaclion; 

that is, what is the lowest possible energy gamma ray that 

could skill emit a proton? 
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16-1 Introduction 


Peelng the onion 


The main goaÌl of physics 1s to explain all physical phe- 
nomena by means of a small number of simple, fundamental 
principles. Since all matter is made up of Just a few different 
kinds of elementary particles, the countless number of 
physical phenomena and properties oŸ matter can be ex- 
plained by the few simple propertles of a small number of 
elementary particles. 

In man”s search for the elementary particles, he frst 
found that compounds were made up of “elementary” 
molecules. Then it was learned that molecules are made up 
of “elementary” atoms. Many years later these “elementary” 
atoms were discovered to be made up of “elementary” 
nuclei and orbital electrons. These successive probings to 
learn what ïs truly elementary are like peeling away succes- 
sive layers of an onion. "The latest stage In this peeling down 
of ordinary matter was the discovery that all nucÌel are made 
up of protons and neutrons. 

Have we fñnally reached the core of the onlon? Are the 
proton and neutron made up of even smaller elementary 
particles? According to our present knowledge the proton, 
neutron, electron, and photon are all thought of as elemen- 
tary particles. Now that we have gotten down to the basic 
building blocks of ordinary matter and explained Its struc- 
ture and properties in terms of fundamental prmeIples, this 
would seem like an appropriate place to end the book. How- 
ever, since the purpose of this book is to cover fundamental 
topics of physical reality, before closing we must ask the 
question: are there any other physically real elementary par- 
ticles that happen not to appear in ordinary matter? 'The 
answer is an emphatic yes! Since 1933 physicists have dis- 
covered over 190 other elementary particles. As far as we 
know, none of these new elementary partieles can be broken 
down into smaller particles.* "Phey are all considered ele- 
mentary ¡in the sense that they are structureless (cannot 
be explained as a system of other elementary particles). For 


*However, some physicists have recently proposed that the proton, neutron, 
and all other strongly interacting particles are made up of an even more basic 
particle called the quark. 
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Q.1: What woulđ be the mininum momentum of a nuecleon 
“boundđ” in an elementary particle? 


example, there are several reasons why the neutron cannot 
be explained as made up of an electron plus a proton bound 
together. One reason is that the mass of a neutron exceeds 
that of a proton plus an electron by about 1.5 electron 
masses. Â system of eleetron and proton bound together 
must have total mass less than the sum of the two (as does 
the hydrogen atom). Another reason is that the spins of the 
neutron, proton, and electron are all ‡. According to quantum 
mechanics there is no way to obtain a resultant angular 
momentum of ‡ unit from two spin-‡ particles. Another 
reason why any “elementary” particle cannot contain an 
electron ïn 1ts structure is given by the uncertainty principle. 
According to thỉs principle, the electron momentum would 
be at least as large as Planck”s constant divided by the diam- 
eter of the “elementary”` particle. Since elementary particles 
have diameters of about 10~13 em, an eleetron “bound” in an 
elementary particle would have 


J= Tin =6x 101!gm cm/sec 
An electron of such momentum would have a kinetic energy 
of about 100 Mev and would immediately escape. 

Most of the new elementary particles that we have not 
vet covered are unstable—they decay or transform Into other 
elementary partieles of smaller mass. Before discussing these 
new particles, !t 1s necessary to learn more about beta decay 
and what is called the weak interaction. 


16-2 Beta Decay and the Weak Interaction 
Siou decay 


W© recall from Chapter 4 that there are only four basic 
Imteractions: the strong or nuclear, the electromagnetic, the 
gravitational, and the weak interaction. The strong inter- 
action was featured in Chapter 15. Chapters 7 and 8 were 
devoted to the electromagnetic interaction, and Chapter 4 
to the gravitatlonal interaction. In this section we fñnally 
take up the weak interaction. 

Ifit were not for the law of conservation of heavy partieles, 
all the matter in the universe would decay Into electrons and 
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Eig. 16-1. R. P. Feynman at “work.' Professor EFeynman 1s 
one of the main contributors to the modern theory oŸ quantum 
electrodynamics and the universal Fermi interaction. (Photo 
by H. Y. Chu.) 


An. l:#-.A/ F is independent of the mass of the pạr- 


ticle. The nucÌleon momentum would be the same as that of 

an electron confned to ## = 10~13 em. However the nucleon 
2 

energy would be 1837 times smaller because KE = an: 


neutrinos in less than a thousandth of a second. “This is a 
consequence of what 1s called the weak Interaction. The weak 
interaection can be thought of as a universal disease attacking 
all particles with the same strength. Ít tries to transform 
elementary particles into electrons and neutrInos as a fnal 
product. Historically these decay electrons are called beta 
rays. 

Since beta decay always Involves neutrinos, a description 
of the neutrino 1s essential. A neutrino 1s an elementary par- 
ticle that has no charge and no rest mass. Furthermore, the 
1nteraction between a neutrino and anythimg else 1s so weak 
as to be almost unobservable. If a beam of 1012 neutrinos 
were shot at the earth, all but one would pass through the 
earth completely unafected. So far this particle sounds like 
a fgment of the Imagination. However, the neutrino 1s not a 
hoax dreamed up by theoretieal physlcIsts. In the last few 
years the evidence, both experimental and theoretical, has 
become so convineing that no competent sclentist questlons 
the exIstence of the neutrIno. 

As an elementary particle, the neutrino Is m some ways 
analogous to a photon. Since a photon has zero rest mass, 1tS 
energy is W = Pec where ? 1s the photon momentum. Be- 
cause of relativity, this same relatlon must also hold for 
neutrinos (see page 308). Purthermore, as with electrons, 
protons, and neutrons, the neutrino has a spm of ‡ (an in- 
trinsie angular momentum of ‡»5/2z). 

In 1958 great progress was made in understanding the 
weak Interaction. Á spectfic interaction that can transform 
particles into electrons and neutrInos was proposed. 'Phis 
specifie interaction 1s called the universal Fermi interaction. 
For example, the new theory g1ves an accurate prediction of 
the muon (a new particle discussed In Section 16-4) lifetime. 

One example of a weak interaction 1s the beta decay of a 
free neutron by the process 


JÑ/=b j? do G dh Đ 


with a halflife of 12 min and energy release of 0.8 Mev. The 
neutron-proton mass diference 1s 1.3 Mev. Smce the rest 
mass of the elecetron is 0.5 Mev there 1s 0.8 Mev left over 
which goes Into the kinetic energy of the eleetron plus the 
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Q.2: In the beta decay of a neutron, suppose the decay elec- 
tron and proton have the same momentum. What is the ratio 
of their energies according to classical mechanics? 


kinetic energy of the antineutrino. (The symbol ø„ is used for 
the antineutrimo that accompanles an eÌectron.) The difer- 
ence between the neutrino and the antineutrino is explained 
in the next section. Note that the decay electron and anti- 
neutrino can share the 0.8 Mev of kinetic energy in any way 
they choose. Thhus, In a large group of neutron decays, elec- 
trons may be found having values of kinetic energy anywhere 
from zero to 0.8 Mev. TỶ the neutron decayed into a proton 
and electron only, the eleetron would always have the full 
kinetic energy of 0.8 Mev. Experimentally the electron 
energy can be determined by measuring I1ts radius oŸ curva- 
ture im a magnetic field (see Fig. 8-12). The experimental 
result 1s that beta rays rarely have their maximum permis- 
sible kinetic energy. Historically this “puzzle” of what 
happened to the “missing” kinetic energy was the reason 
the neutrino was “?invented”” in the first place. 

In order to preserve conservation of energy, W. Pauli pro- 
posed m 1980 that the missing energy may have been carried 
off by an undetectable, light neutral particle. ShortÌy there- 
after E. Fermi named this particle the neutrino (little neutral 
one) and worked out the theory of beta decay that 1s similar 
to the modern, more universal theory of weak interactions, 
called the universal Fermi interaction. Another check on 
the existence of the neutrimo would be to measure Its 
momentum. Ín a cloud chamber picture of an individual beta 
decay, the electron energy can be measured. Thỉs measure- 
ment determines not only what the neutrino energy should 
be but also 1ts momentum according to the relation 
P= W/c. The neutrino momentum can then be determined 
imndependently by measuring the electron momentum and 
the recoil momentum of the residual nucleus. These deter- 
minatlons of neutrino energy and momentum aÌways 
checked with the theoretical prediction P = W/c. Not only 
does the “invention” of the neutrino save the laws of con- 
servatlon of energy and momentum but it also saves the law 
of conservation of angular momentum. In Section 16-Ì we 
observed that quantum mechanics does not permit two 
spIn-‡ particles (such as + e~) to have a total angular 
momentum the same as that of the neutron which is also 
spin-}‡. However, the three decay produets of the neutron, 
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Eig. 16-2. Cutaway drawing of neutrmo detector in wall of 
nuelear reactor. Tanks I, II, and HÍI each contam 370 gallons 
of liquid scintillator and are each monitored by 110 photo- 
multiplier tubes. The positron in the reaction # + P—> ý + e" 
will produce distinctive light pulses im the liquid seimtillator. 
(Courtesy Los Alamos Scientific Laboratory and Dr. E. 
Reines.) 


KE, _ P2 


Pp> — Mp 


Ans. 2: = s cï—= 
KEp 2M, 2Mp M, 
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all of which are spin-‡, can add up to give a total angular 
momentum of ‡(h/2z). 

The evidence for neutrinos as decay products was quite 
satlsfying. However, the physicists wanted to be more satis- 
fied by observing a direct interaction starting with a beam 
of neutrinos. According to the Fermi theory the following 
reaction should take place for antineutrmnos which have 
sufficlent energy to make up the mass diferenece: 


1; +- P>N+e' 


where e* 1s a positron (positive electron). However, the pre- 
đicted occurrenee of this direct neutrIno Interactlon was cÌose 
to zero. The only possibility of observing this reaction would 
be to obtam an extremely Intense beam of antineutrinos. The 
recent development of the nuclear reactor made this possible. 
Bach fission in a nuclear reactor leads to several beta decays, 
and hence several antineutrmos. Such an experIment would 
require a high-power nuclear reactor and an elaborate large- 
sized detector. A group from Los Alamos undertook this ex- 
perIment using the detector shown in Flg. 16-2, with the re- 
sult that the elusive neutrino was frst trapped by man 1n 
1956. 

Because of the law oŸ conservation of heavy partIcles, the 
free proton 1s Immune to the weak Interactions. Since there 
is no heavy particle of mass less than the proton, there 1s 
nothing avaflable for 1t to decay 1nto. 


Becta decay 

The question now arises: how can neutrons mside of 
atomic nuclei be stable if the halfife of the free neutron 1s 
12 min? One way of answering this “paradox” is that the 
bỉnding energy of the neutron to the nucleus efectively 
lowers its mass below that of a proton in the eorrespondIng 
situation. [fan atomiec nucleus by virtue of1ts binding energy 
has less mass than any possible combination of decay 
products, then because of the law oŸ conservation oỂ energy 
such a nucleus will be stable. Thịs is why onÌy certain iso- 
topes are stable and all others are radioactive. For example, 
hydrogen and deuterium are stable, but tritium (one proton 
and two neutrons) is not. 
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Q.3: Would the C!‡ nucleus be stable 1Ý it were 0.4 Mev 
heavier than N1? 


Example I 
The nuclear masses of triilum and helium 3 are 


Mu: = 2805.205 Mev 
and 
Mues = 2804.676 Mev 


respectively. The electron mass 1s 
M„ — 0.511 Mev 


WIII triLium beta decay, and if so, what will be the maximumn possible 
beta ray energy? 

[f the mass of tritium happens to be greater than that of He3 plus 
an electron, then the reaction 


H3—› He3 + e- + 
is not forbidden by the conservation of energy. The kinetic energy 
shared by the e~ and the z would be the mass diference 
Mu: — (Mue: + M„) = 2805.205 — (2804.676 + 0.511) 
= 0.018 Mev 


Hence the decay electrons from a sample of tritium wIl have 
energies ranging all the way from zero to this value of 0.018 Mev. 


Tritium can be produced by bombarding heavy water with 
neutrons. The decay electrons or beta rays from tritium are 
observed to have kinetic energies up to 0.018 Mev with a 
halfife of 12 years. 

Another example of beta decay is the isotope C1 which 
occurs naturally in small amounts. It is formed by atmos- 
pheric absorption of neutrons produced by ceosmie rays and 
by H-bomb explosions. The C14 nucleus is of slightly greater 
mass than N'!! plus an electron. Then, because of the weak 
interaction, the following decay process must o€cur: 


C1⁄—›: N1 + e~ +, 


In this case the halflife is 7 = 5000 years. On the other hand, 
the stable isotope C1? is of smaller mass than any possible 
combination of byproducts containing 12 nueleons. Accord- 
¡ng to the law of conservation of energy there is nothing for 
€1? to decay to and it thereby is saved from the weak interac- 
tion. Most of the radioisotopes that can be produced beta 
đecay, emitting either a positron or eleetron along with a 
neutrino or antineutrino respectively. 
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Ans. 3: Yes, because then it could not beta decay Imto 
(N1 + e-) which would be heavier by 0.1 Mev. 


16-3  Antimatter 
The anttuorid 


The relativistic quantum theory of spin-‡ particles not 
onÌy gives us the exclusion prineiple but 1t also predicts the 
existence of what is called an antiparticle. The antiparticle 
of a given particle should have exactly the same mass, but 
opposite charge. Also an antiparticle can be annihilated by 
its corresponding particle. Then the two rest masses are 
directÌy converted into energy, in the form of other particles 
such as photons. The first antiparticle known to man was the 
positron which was discovered in 1933 in a cloud chamber 
exposed to the cosmic rays. The first positron was found by 
accldent even though Its existence had already been pre- 
dicted by the relativistic quantum theory. The positron or 
positive electron has the same mass, but opposite charge, as 
that of an electron. When a positron comes to rest 1n matter, 
It 1s quickly annihilated by an electron usually mto two 
photons: 


e€*'+e—2y 


Then each photon must have an energy of 0.51 Mev, which 
1s the rest mass of an electron. Positrons are easily produced 
by a process called païr production (a high-energy photon 
strikes a nucleus and is completely converted into an elec- 
tron-positron pa1Y). 


Y>€*+e€. 


The above is one of many examples of direct conversion of 
energy into rest mass. As mentioned in the previous section, 
both electrons and positrons can be products of beta decay. 
In beta decay a positron is always produced along with a 
neutrino. 

The antiparticle of a proton is called the antiproton or 
negative proton Ð. The standard notation for an antiparticle 
is a bar over the symbol. Hence  stands for antiproton and 
Ñ for antineutron. The antielectron (the positron) would be 
e~, but for this the usual eonvention is e*. After the discovery 
of the positron in 1933, many physicists felt that there mưst 
also be an antiproton. Aecording to theory, antiprotons could 
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be produeced by bombarding nuclei with protons of six billion 
electron volts kinetic energy. One of the production reactions 
should be then 


ÐD+.P-P1TP¬- EẠP 


The 6 Bev is directly converted into the rest mass energy of 

a proton-antiproton pair in addition to the kinetic energy of 

the fñnal particles. The possibility of discovering the anti- 

proton was one of the main considerations that led the 

United States AEC to build the Bevatron, a high-energy 

Fig. 16-3. The Bevatron, located at the University of Cali- proton accelerator located in Berkeley, California. The Beva- 
fornia, Berkeley, California. (Courtesy Lawrence Radiation tron, shown in Fig. 16-3, accelerates protons to a kinetic 


Laboratory.) 
Ki) "gH —: MT 
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energy of 6.2 Bev, which is Just barely enough to produce 
nueleon-antinucleon patrs. In 1955, the second vear of Beva- 
tron operation, the antiproton was discovered. The anti- 
neutron Ÿ was discovered a year later. Since the neutron is 
neutral m charge, so must the antineutron be neutral. How- 
ever, the antineutron 1s quickly annihilated by either a neu- 
tron or a proton. With antinucleon annihilation, the annI- 
hilation products are usualÌy pions (see Sectlon 16-6). In 
Fig. 16-4 an antiproton enters a liquid hydrogen bubble 
chamber, slows down to rest, and 1s annihilated by one of the 
hydrogen nuclel. In thỉs particular photograph, the rest 
mass of the antiproton and proton is converted into five 
pIOnS: 
P+PE- 7T 1. ca an  nỦ 

The questlon arlses why all hydrogen atoms are made up 
of positive protons and negative electrons In preference 
to negatlve protons (antiprotons) and positive electrons 
(positrons). Such a “reversed” hydrogen atom is called an 
antihydrogen atom. Matter made of antinucleons and orbital 
positrons is called antimatter. By general symmetry con- 
siderations one would expect half the atoms mm the universe 
to be antimatter. It 1s dificult to understand why there 
should be a preference to positlve charge over negative 
charge. Ôn the other hand, 1f there were any antimatter on 
earth, or even 1n our galaxy, it would not last very long. Ít 
would quickly annihrilate away releasing energy with more 
than 1000 times the efficlency of an H-bomb. At present 
there is speculation that some galaxies may be made of anti- 
matter, but so far there 1s no sufficient evidenee. 

As already mentioned, the antiparticle of the neutrino 1s 
the antineutrino ?. According to the theory, the photon musÈ 
be its own antiparticle. Counting the antiparticles, our list 


Fig. 16-4. Antiproton coming to rest In a liquid hydrogen 
bubble chamber. The antiproton is annihflated by a proton. 
The annihilation products are fve plions: two posItIve, two 
negative, and one neutral. One of the positive pions aÌso comes 
to rest and then decays into a w*. The * ceomes to rest and 
decays into a position. (Courtesy liquid hydrogen bubble 
chamber group of the Lawrence Radiation Laboratory.) 
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of elementary partIicles has now grown to nĩne (y, 0, P, @~, @”, 
P,PB,N,N). 


18-4  Antinarticle Symmetry 
ls the antitoorid any diƒerent? 


Suppose during the course of any physical experIment 
that all the particles were suddenly changed to thelr corres- 
ponding antiparticles. Would the experiment proceed to g1ve 
the same results? Up until 1957 physicists had assumed that 
antiparticles should obey exactly the same laws of physics 
as thelr counterparts. In principle there should be no way 
to tell whether a certain physical system is built out of anti- 
matter or ordinary matter. We shall call this fundamental 
symmetry priciple antiparticle symmetry. "Theoretical 
physicists usually call ¡it the law of charge conJugation In- 
variance. Charge conjugation 'is a mathematical operation 
that changes every particle to its antiparticle while leaving 
everything else the same. The charge conJugate of a hydro- 
gen atom 1s antihydrogen. The principle of antipartiele sym- 
metry predicts, for example, that the spectrum emitted by 
antihydrogen gas should be exactly the same as that from 
ordinary hydrogen. Since antiparticles are hard to produce 
(antihydrogen has never been produced), some aspects of 
the principle of antiparticle symmetry are difficult to check 
by experiment. 

Actualy, mm 1957 physicists were suddenly shocked to 
leam that the principle of antiparticle symmetry 1s violated 
by the weak interaction. The nature of this violation 1s dis- 
cussed in Section 16-6. 


16-5 onservation of Leptons 
Weab particles 


Not only does the weak Interaction cause a heavy particle 
to emit an electron and neutrino, but in some cases a muon 
and neutrino nstead. The muon 1s an elementary particle 
which 1s the same as the electron In all respects except for Its 
rest mass. It happens to have a rest mass 207 times that of 
the electron. The muon should be thought of as a heavy elec- 
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Q.4: Counting all charges, what is the total number of leptons 
presentÌy known? 


tron. However no other heavy electrons occur In nature. .jJust 
why there should be two kinds of “eleetrons”” nobody knows. 
One of the current problems In theoretical physics is to ex- 
plam why nature provides us with two and only two types of 
electrons. It is also a puzzle why the muon should be so 
heavy. 

Muons are not uncommon. They were discovered In 1988 
m the cosmic rays. Actually at sea level the cosmic rays con- 
slst malnÌy of muons and eleetrons m the ratio oŸ 4 to I muons 
to electrons. Just as the e* 1s the antiparticle of the e_, SO 1S 
the w* the antiparticle of the w-. The reason why ordinary 
matter 1s not made of muons as well as electrons 1s because 
muons can dđecay by the weak interaction into electrons with 
a halffe of 1.5 x 108 sec: 


=1 nan 


Note that we are giving subscripts e and w to the decay 
neutrinos. Thịỉs is because1n 1963 a group at the Brookhaven 
AGS discovered that there are two distinct kinds of neu- 
trinos: the z„ which 1s associated with the muon, and the ?„ 
which is associated with the electron. The ø„ should be 
thought of as the neutral muon and the z„ as the neutral 
electron. We could have used the notation w° for z„ and e° for 
”,. As a class, muons, electrons, and theïr corresponding neu- 
trinos are called Ìleptons. Leptons are involved in weak Inter- 
actions. It is observed that whenever leptons are created, 
they are created in pairs. This observation has led to a new 
conservation law called the conservation of leptons. Actually 
there are two Independent conservation of lepton laws, one 
for electrons and one for muons. The electron e~ and Its neu- 
trino ø„, are given electron lepton number + 1 and thetr anti- 
particles, e* and ?„, are given electron lepton number —]. 
Ín any closed system the total electron lepton number must 
be conserved. For example, in neutron decay 


Ä' => JJ do Œ dh ñ, 
Lepton no.: (0)— (0) + (1) + (—I) 


the total lepton number before decay is zero. Henee the total 
lepton number on the right-hand side must also be zero. We 
see that It 1s (I) + (—1) =0. Similarly im a beta decay, 
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Ans. 4: Eight. 


where a positron is emitted, the neutrino must be of opposite 
lepton number. Since the positron lepton number is (— 1), 
the emitted neutrino must have lepton number ( + 1); hence 
1t must be ø; rather than 1„. 

Our final example of eonservation of leptons 1s the decay 
of the muon: 


HP S= Lị  EEi (2/035 0, 
Muon lepton no.: (1)>(1) + (0) + (0) 
Electron lepton no.: (0) -—>(0) + (1l) + (_—]) 


The initial muon lepton number is +1. This value oŸ + 1 1s 
conserved If the muon decays into a neutral muon z„. Blectric 
charge 1s conserved by emitting an electron, but then to con- 
serve the electron lepton number, an antineutrmo, 7, must 
also be emitted. 

In summary, there are 8 leptons: (w~, ”„, e~, nạ) and thelr 
antiparticles (w*, 7„ e†, ”;) and these particles occur in palrs 
in weak Interactlions. 


16-6 The Hadrons 
Sfrong particles 


Just as the leptons are the particles of the weak interac- 
tion, the hadrons are the particles of the strong or nuclear 
mteraction. The electromagnetic Interactlon cuts across 
these boundaries and interacts with any charged particle as 
well as the photon. It interacts with charged leptons as well 
as charged hadrons. 

The most familiar hadrons are our friends the proton and 
neutron. But since 1947 many other unstable hadrons have 
been discovered. TWwenty one of them (see Fig. 16-8) have 
long enough halflives so that their tracks can be seen In 
nueclear emulsions or bubble chambers. Most of these 2l 
have halflives of about 10~19 sec. A particle of velocIty 0 = € 
will travel 3 em in 1019 sec. In spite of the fact that certain 
unifying properties and groupings among these particles wIll 
become evident, the amount of data presented here may 
seem overwhelming, making us wonder whether there 1s 
something more elementary and simpler than the elementary 
particles. TThis indeed is the central questlon physics 1s now 
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Q.5: The muon 1s often called the mu meson. According to 
our definition of meson, is the muon a meson? 


facng. In this book we have now reached the outer frontier 
of human knowledge and understanding of the physical 
world. The remaining sections of the book attempt to give 
some feeling for our present-day “pioneer” exploration of 
the physical world. 

There are two types of hadrons called mesons and baryons. 
The mesons have spin 0, 1, 2, or some whole integer. The 
baryons have half-integer spin; namely, ‡, ‡, ÿ, etc. The 
baryons obey the law of conservation of baryons and aÌways 
have a proton or antiproton as a final decay produet. All 
baryons such as the proton and neutron have baryon number 
+1 and all antibaryons such as P and ÄÑ have baryon num- 
ber —1. For a closed system, the total baryon numbers must 
remain constant. Mesons have zero baryon numbers. 


The mesons 

The two longest-lived mesons are the pion and the K 
meson. The pion mass is about one-seventh that of a proton 
and the K meson is about one-haÌf a proton in mass. 

Plons have spin zero and occur with negative, positive, and 
neutral charge (r~, z*, z9). The z- is the antiparticle of the 
z*. As with the photon, the z9 is its own antipartiele. The 
“reason” for the existence of pions is easier to understand 
theoretically than that for muons. In fact, in 1936, eleven 
years before Its discovery, the pion was predicted by 
H. Yukawa. Yukawa tried to explain the strong nuclear force 
im the same way that quantum eleetrodynamics explains the 
electric force. In quantum electrodynamies the electrie force 
1s explained n terms of an electric charge continualÌy emit- 
tỉng and reabsorbing virtual quanta (photons). Yukawa in- 
vented a new type of virtual quantum to explain the strong, 
short-range nuclear force. The quantum theory specifies the 
mass of this new type of partiele (quantum) in terms of the 
range of the nuelear force. This can be seen crudely using the 
uncertainty principle. IÝ the range of these virtual quanta is 
?, the uncertainty principle says 


J7) LÙI ST (1 


where Âø 1s the uncertainty in momentum which will be on 
the order of:n„0. Hence 
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Eig. 16-5. Drawing of track left by stopping plon 1n nu- 
clear emulsion. The decay chan ø* —› w* + z followed by 
#* —> e + + 1s seen (except for the neutrinos). Grains of 
a photographic emulsion can be sensit1zed by collisions with 
a charged particle as well as by light. 
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Ans. 5: No. Mesons are hadrons and hadrons are strongly 
mteracting particles. Muons do not immteract strongly. 


(m„u)l<x h 
Or 


_h_ 
lu 


~ 
m„ 


Thịs uncertainty 1s smallest for ö = e. Then the above equa- 
tion says 


The more accurate quantum-field theory calculatlon of 


Yukawa gave 


h 
2z†ltc 


H>„ — 


and predicted a mass which agrees well with the measured 
mass of the pion. In addition to predIlcting the correct mass, 
Yukawa also predicted that pions would Interact strongly 
with nucleons. FEor example, pions are easily produced by 
collisions of nucleons. In this case kinetic energy of the 
nucleons 1s directly converted Into rest mass. Some pion 
production reactions are 


P+PBEP+Nxrr 
JỆ? sỊC: AJ =› J2 do (4b đy— 
Y+P—>Nx+mrr 
Y+P—P>+m9 
3 d5 ẨN/==2JC dD tư 


Protons of several hundred million eleetron volts are needed 
to produce pions. Such proton beams are provided by syn- 
chrocyclotrons such as the one shown In Fig. 9-13. 

In 1947 the pion was first diseovered in the cosmie rays by 
examiming the tracks they made In nuclear emulsions (see 
Fig. 16-5). A year later the first man-made pions were de- 
tected at the Berkeley synchrocyclotron. The charged pions 
decay by the weak mmteraction as follows 


Z2" + Đụ 
LÊ OT 
Ne† +? 
2, 
MU OF 
SuG— cảm HÀ, 
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Q.6: Why can the K meson not đecay into 4 pions? 


with a halflife of 1.8 x 10-3 sec. The z9 decays very much 
faster into two photons by the eleetromagnetic rather than 
the weak interaction. The halfife of the z9 is about 10 15 sec, 
The decay of a z* and also the decay of a w* can be seen in 
the bubble chamber picture of Fig. 16-4. One of the two z† 
tracks actually comes to rest in the liquid hydrogen. Then 
1t decays Into a visible w* track and invisible neutrino. After 
traveling 1.1 em, the w* comes to rest also and decays into a 
visible e† and two invisible neutrinos. 

Actually the muon was discovered almost at the same time 
that Yukawa had predicted the pion. Since the muon mass 
1s close to that of the pion, physicists thought for many years 
Chat the muon wasindeed Yukawa's partiele. Just before the 
pion was finally discovered, most physicists had given up on 
the muon (or else on Yukawa) because it never interacted 
strongly as Yukawa had predicted. The pion serves a useful 
purpose 1m explaining the strong, short-range nuclear force, 
but the only purpose seen for the muon is to give Nature one 
more chance to confuse man. 


The K meson 

A more recently established meson 1s the  meson. Itis 
spin zero and has both positive and neutral charge (K* and 
K9) with corresponding antipartieles Ý~ and K9%. Because of 
1ts large mass (about half that of the proton), the  meson 
has a larger number of possibilities for decay by the weak in- 
teractions. The following decay modes of the K† have been 
observed: 
* + r0 ( mode) 
? + + (rmode) 
2 -+- 20 
jˆ TộP 
Hh tr+ 9 
e*'+w+m? 
The halfife of the charged K meson 1s 0.85 »% 10-5 sec. The 
neutral # has simlilar decay modes with a halflife of 
7.0 x< 1011 sec, TWwo contemporary problems in theoretical 
physics are why does the X9 have a lifetime so much shorter 
than the X* and what 1s the relationship between  meson 
decay and the universal Fermi Interaction? "The production 
of K mesons 1s discussed In the next paragraph. 
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TABLE 16-1. ATEG60RIES 0F ELEMENTARY PARTICLES 


Hyperons A, 35, =, 9 


(strange) 
Baryons 
Nucleons V),BN 
Hadrons (nonstrange) 
(strongly interacting) 
(strange) K 
Mesons se) 
(nonstrange) ø 
Leptons Muon family ụ, ”, 
(weakly mteracting) | Electron family e, v; 


The Photon y 
(electromagnetic interaction) 


Ans. 6: Its rest mass 1s less than that of 4 pions. 


The hyperons (strange Daryons) 

Some of the baryons are called hyperons for reasons to be 
explained shortly. (See Table 16-1.) These hyperons decay 
by weak interaction and consequentÌy live long enough to 
leave tracks in bubble chambers. There are four different 
kinds of elementary particles which are heavier than the 
proton and which have halflives long enough to leave tracks 
mm bubble chambers. These are designated by the capital 
Greek letters A (lambda), 5 (sigma), = (xi) and 9 (omega). 
They all decay by the weak interactions mto nucleons, and 
thus obey the law of conservation of baryons. So far we have 
had two examples of what are called the strong Interactions: 
(1) the nucleon-nucleon force and (2) the pion-nucleon inter- 
action (pion produection for example). Similarly, the interac- 
tions of hyperons and K mesons with nucleons and pions are 
examples of strong interactions. The production of hyperons 
and K mesons is one of the many examples of strong Interac- 
tions. The most studied hyperon production interaction 1s 


q s J)=> A\ do JẤU 


A liquid hydrogen bubble chamber photograph of this is 
shown in Fig. 16-6. The necessary high-energy pion beams 
are easily produced in Bev proton accelerators. Note that the 
lambda is produced in association with a K meson. In fact, 
either a A, 3, 5, or 9 is always produced im association with 
K mesons when the initial particle is a pion or nucleon. Be- 
cause of this special property of associated production, these 
four baryons and the K meson were and still are called 
strange particles. The four strange particles which are 
baryons are called hyperons. What seemed strange about 
the strange particles was that they decay about 101 times 
slower than was expected. Since they are produced easlly by 
the strong interaction and they can decay mto strongly m- 
teracting particles, it was expected that they should decay as 
quickly as they are produced which would be in about 10-33 


Fig. 16-6. Associated production of a lambda hyperon and 
K meson in a Hquid hydrogen bubble chamber. A 1-Bev 7~ 
from the Bevatron enters the chamber, hits a proton, and 
produces the A and K9. (Courtesy liquid hydrogen bubble 
chamber group of the Lawrence Radiation Laboratory.) 
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sec. Ín order to explain thỉs, It was necessary to invent one 
more conservation law which would slow down the decay of 
the strange particles by a factor of about 101, This new 
conservation law 1s called the conservation of strangeness. 
The X* and X9 are assigned strangeness number + l, and the 
hyperons have the negative strangeness numbers shown In 
Fig. 16-8. The law of conservation of strangeness states that 
m a closed system the total strangeness number remains un- 
changed. This law 1s strictly obeyed by the strong and the 
electromagnetlc Iinteractlons, but 1s completely Ignored by 
the weak interaction. A strange particle decays by the weak 
interaction into particles having zero strangeness. And since 
the weak Interaction 1s 1012 times weaker than the strong 
interaction, these strange particles will live 101 times longer 
than normal. 

The A 1s 37 Mev heavier than a proton plus a pion. lt is 
neutral and has spin-‡. Its prIincipal decay modes are 


12) db 
nY Or 
SN +70 


The Š is 78 Mev heavier than the A and also has spim-‡. 
However, the Y can be positive, neutral, or negative. The 
principal decay modes are 


P+m 
+ 
S —ÍN 
PA do 
>»?° >A+y 


The >9 decay 1s very much faster than the S* or 5 because 
1t 1s an electromagnetic interaction that 1s about 1012 times 
stronger than the weak interaction. 

The 5 hyperon is 205 Mev heavier than a À\ and can be 
negative or neutral. The observed decay modes are 
="=. +7. 
=0 —> A +79 


For each hyperon there should be an antihyperon of 
opposite charge. So far the A, Š*, and the Ÿ° are the only 
antihyperons that have been observed. However, physicists 
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feel certain that the others must exIst also. A A produced 
by the process P + P—› Ä + A is shown in Fig. 16-7. 

In Increasing order of mass, the present (1967) list of long- 
lived elementary particles Is: the photon y; the leptons ø„, 
"„, ©, and ; the mesons z and K: the nucleons P and X; the 
hyperons A, 5, *, and 9. IÝ we take Into account thelr dif- 
ferent charges and ther antiparticles, the grand total 1s 34. 
All of them are tabulated in Fig. 16-8. The particles are on 
the left and themr corresponding antiparticles are “reflected” 
on the right. 


The “resonances” 

In the past few years quite a few new mesons and baryons 
have been discovered which decay directly by strong interac- 
tion. The fñrst example, a baryon, was uncovered by Fermi 
im the early 1950”s. It ïs called the ) and is 160 Mev heavier 
than a proton plus a plon. Ít decays In about 10-23 sec mto 
a proton and a pion: 


NNH| = J? s> đi 


The strong interaction is so strong that when one strongÌy 
interacting particle touches another, there is a high prob- 
ability of interaction. The time the particles wIll be in con- 
tact is the diameter of an elementary particle divided by the 
velocity:  = /u~ 3% 10~13 cm/3 x 1019 em = 10-33 sec. 
Henece It takes about 10-23 sec for the strong Interaction to 
act. Recently dozens of new hadrons have been discovered 
which bave halflives ranging from 10~22 to 10-23 sec. These 
all decay by the strong interaction and for historical reasons 
are called resonances. There are a few others with halfives 
ranging from 10-2! to 10~15 sec which decay by the electro- 
magnetic interaction. Most of these newly discovered par- 
ticles ft Into simple groups oŸ 8 or 10 based on therr quantum 
numbers. One of these groups of 8 contains the proton and 
neutron. Another group of 8 contains the three pions. These 
øroups are sometimes referred to as the Eight-fold Way. 

It is now felt that the proton or pion 1s no more elemen- 
tary than any other hadron. Each hadron 1s just another 
state or energy level of strongÌy interactlon matter. ÔOver 
190 “elementary” particles have been found thus far. New 


Particle physits | 443 


1BevP | 


lái 2. 


annihilation 


P+P-›2r* + 


ì 


Relative 
Type mass Spin 


Ea 
man 
th 


Sigma 238 


Lambda 


Hadrons 


Nucleon 


K meson 


Muon 


Muon 
neutrino 


Leptons 


Electron 


Photon 


Eig. 16-8. Table of the elermnentary particles. The particles 
are tabulated on the left. The “reflections” on the right are 
the correspondimng antiparticles. The stable particles are 
circled. 


Fig. 16-7. Production of an antilambda by the process 
P+P—.\+A. The antilambda decays into a z* and an 
antiproton. Then the antiproton comes to rest and anrnihilates 
a proton of the liquid hydrogen. (Courtesy 72-m. bubble 
chamber group of the Lawrence Radiation Laboratory.) 
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particles are being found almost each month. Ône of the 
current theoretical hopes 1s to explain all hadrons In terms 
of three or four basic building blocks called quarks, but so 
far no quarks have been found. In order to see quarks, 1ƒ they 
exilst, higher energy accelerators will probably be needed. 

Since the weak Interaction 1s about 101 times weaker than 
the strong interaction, the lifetimes of particles which decay 
by weak Imnteraction wIll be about 101! times 1023 sec or 
about 109 sec. All of the charged particles listed im Flg. 16-8 
dđecay by weak Interaction or else are stable. The reason why 
some hadrons decay by weak interaction rather than by 
strong interaction 1s that they are forbidden to decay by the 
strong mteraction because of the conservation laws such as 
conservation oŸ strangeness. 
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Fig. 16-9. A right-handed screw and its mirror Image. 


Mirror Image 


, V ơ Ÿ. 
Right-handed screw Mirror image of right-handed serew 
(also known as a left-handed screw} 


16-6 Nonconservation 0f Parity 


“No tuould you Ïibe to ue tn a Loohing-giass, Kitty? 
I uonder 1ƒ theyd giue you n"Ìb im there? Perhqaps 
Loohing-glass mihb isn”! good to drinh.” Alice 


In this section we wIll learn that Lewis Carroll was rIght— 
looking-glass miÌlk is indigestible IÝ not polsonous. Also we 
shall see that not only is the law of conservation of parIty 
violated by the weak interaction but so 1s the prineiple of 
antiparticle symmetry which is discussed in Section 16-4. 
"The conservation of parity is the mathematical formalism of 
the symmetry principle called reflection Iinvariance. The 
prineiple of refection Invariance states that the mirror Image 
of any physical phenomenon ïtself is Just as true a physical 
phenomenon. According to conservation oŸ parity, 1Ý some- 
one observed any physies experiment in a mirror and was not 
told he was looking in a mirror, there would be no way he 
could tell from the results whether he was looking In a mirror. 
Another way of saying It is that all the fundamental laws of 
physics should have the same mathematical form whether 
one is using a left-handed or a right-handed coordinate sys- 
tem. One consequenece of the conservatlon of parIty 1s that 
there is no way for an absent-minded professor to determine 
which is his right hand by performing experiments. [t would 
be cheating for the professor to determine which side of his 
body hs heart lies on. That would be equivalent to handing 
him a glove labeled “left.”” 

Actually, the molecules of his body and, for that matter, 
all bíe on earth are equivalent to labeled gloves (see 
Chapter 14 opening). Biologically produced protemn mole- 
cules are built up from amino acids—all of which are of a 
left-handed screw-type structure (except for antibloties such 
as penicilin which contain a certain percentage of right- 
handed amino acids. 'This ís thought to make these molds 
poisonous to bacteria and accounts for their use as anti- 
bioties). On the other hand, right-handed proteins can be 
synthesized by chemists; and, as would be expected from 
conservation of parity, they have exactly the same chemical 
properties as the natural varietles. The only điấerence is 
that one is the mirror image of the other (see Fig. 16-9). The 
fact that biology on the earth always produees molecules of 
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Eig. 16-10. Photograph of ”T. D. Lee whose work in collabora- 
tion with €. N. Yang let to the downfall of parity conserva- 
tion. Ís this the true image, or the mirror image of Professor 
Lee? 


Q.7: If an absent-minded professor knew which direction was 
north, could he then determine his right hand? 


one definite mirror symmetry, whereas the same molecules 
when synthesized by chemists are aÌways produced as a 
fñfty-fifty mixture of right- and left-handed varieties, may 
seem puzzling. An explanatlon may be that early forms of 
lie on earth started out both left- and right-handed. Then 
the animals and plants of one form would be indigestible and 
probably poisonous to those of the other form. FinalÌy one 
of the two forms of life would win out over the other ¡n the 
battle for survival. 

The photograph of T. D. Lee of Columbia University ïn 
Elg. 16-10 is presented as a challenge to the alert student. Is 
there any way you can tell for sure whether or not this pic- 
ture was taken looking Into a mirror? At rst glance one 
would think that this is the mirror image of Dr. Lee. The 
symbols on the blackboard are reversed and Lee is using 
what appears to be his left hand. “The alert student might 
suspect the picture was rigged—that Lee deliberately wrote 
the symbols backwards as a trick. More careful examination 
reveals that the buttons of Lee”s jacket appear to be on hỉs 
right side. On the basis of the rigid, world-wide custom that 
all men must have their buttons on the right side and all 
women must have theirs on the left, the alert student may 
correctly conelude that Flg. 16-10 is the true Image of T. D. 
Lee. We did not go to the extreme and hire a tailor to manu- 
facture a special Jacket with bottons on the left and button- 
holes on the right. 

For reasons beyond the scope of this book, the conserva- 
tion of parlty forbids the X meson to have both two-pion and 
three-pion decay modes. The X rneson 1s permitted to do one 
or the other, but not both. Both modes were observed ex- 
perimentally. Thịs led T. D. Lee and C.N. Yang in 1956 to 
questlon seriously the “selfí-evident truth” that nature 
should have no preference of right over left or vice versa. Lee 
and Yang proposed that the weak Interactions do immdeed 
violate the “sacred” prmeciple of conservation of parity. They 
also proposed some specific experiments to test their hypoth- 
esis. We shalÌ now discuss one of these experiments In detall. 
Our example shall be the decay of the z* which 1s a conse- 
quence of the weak interactions. 


7Ì =>” +b% 
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Eig. 16-11. (ø) Decay of the z†. (ð) 1s the mirror image of the 
decay of the 7". 


Pụ P, 
(a) 
u? LÒ 


Real experiment 


Mirror 


N+ h 


(6) th th) b 


(Image) 


Ans. 7: Yes. By watching the stars or sun he can poïint his 
fñngers in the direction of the earth's rotation. Then if his 
thưmb poïnts north, It 1s his right hand. 


Lee and Yang suggested that the decay muons and neutrinos 
might have a preferred spn direction along theïr đirection of 
motion. 

We shall now proceed to show that if this is the case,re- 
flectlon InvarTiance would be violated. We shal] represent spin 
schematically as the motion ïn the equatorial plane of the 
spinning particle. The particles wIll be drawn as spinning 
spheres. Lee and Yang proposed that the z* decay should 
always look as shown In Flg. 16-11øz. The w* and » must be 
spinning In opposite directlons as shown because their spins 
must add up to the mitial pion spin which 1s zero. Pigure 
16-116 shows the mirror image of the decay particles of 
Flg. 16-11ø. Note that in the mirror the spheres wilÌ appear 
as If they are spinnIng In the opposite sense. A “piece” of the 
equator of the w* or z would trace out a left-handed secrew In 
the original view (ø) and a right-handed screw In the mirror 
1image (b). The situation shown In (ø) was first observed in 
1957 using cyclotron produced muons. The mirror image 
experiment shown im (b) never occurs In nature. Thus con- 
servatlon of parIty 1s clearly violated. The neutrinos always 
come off as left-handed screws. Nonconservatlon oŸ parity 
was first observed m a beta decay experiment performed by 
C.S. Wu ofColumbia Ủniversity and a group at the National 
Bureau of Standards m Washington. Ït is now known that 
neutrinos are aÌlways spInning as left-handed screws, whereas 
antineutrinos are always spinning as right-handed screws. 

It is still hard to belleve that space has a built-in prefer- 
ence for left over right, but the evidenee 1s so simple and 
clear that everyone almost Immediately accepted 1t as true. 
Thus all an absent-minded professor need do to determine 
his left hand 1s to look at any neutrino or to a ¡ð* coming from 
a † đecay. Here 1s a clear case of a law of nature that 1s not 
symmetrical. One reason for all the excitement 1s that this 
1s the first time that violation oŸ a basic symmetry prineiple 
has been found. 


ViolaHon of anHiparficle symmetry 

Tf we charge conJugate Flg. 16-11ø we obtaim the decay as 
shown in Fig. 16-12œ. Note that this would make the anti- 
neutrino left-handed. But we now know from experuinent 
that the antineutrino is always right-handed as shown in 
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Fig. 16-12. (ơ) is obtained from the z* decay by replacing 
particles wIth their antipartieles. (b) is the observed ©xperi- 


mmental result. 
— (De 
bˆ ) 


(a) Charge conjugate of † decay 


“ 


(b) T~ decay: experimental resuÌt 


Q.8: What resulting experiment is obtained If Fig. 16-11ø 1s 
reflected In a mirror and then charge conjJugated? (Thịs 1s the 
reverse order of the operationsin Fig. 16-12.) 


fig. 16-12. Figure 16-12ðb is what the z decay looks like 
experimentally. Thus here is a case where changing particles 
to their corresponding antipartieles prediets results that do 
not occur in nature. Thịs is a clear violation of antiparticle 
Symmetry. 

Note that If we reflect z* decay (Fig. 16-11ø) in amirror 
and also change particles to their antiparticles, we arrive at 
the correct answer for ø~ decay (Fig. 16-120). Thus an over- 
all symmetry is preserved. There still is no way to tell an 
absent-minded professor in a remote galaxy which is his 
right hand because we do not know whether his galaxy is 
made of antimatter or not, and we would have no way to dis- 
tinguish a w* from a w~ for him. Conversely, there is no way 
to tell him whether his atoms are made of orbital electrons 
or positrons unless he knows right from left. This over-all 
symmetry 1s called CP invariance by the theoretical 
physicists and it is still being checked. At the time of this 
writing (1960) it appears that the weak interactions do ob- 
serve CP mmvarilance. This possibility of such an over-all 
symmetry 1s philosophically satisfying and makes it easier 
to accept the loss oŸ conservation of parity and antiparticle 
symmetry. 

The preceding paragraph was intentionally left untouched 
for this second edition im order to emphasize what has 
happened since then. In 1965, a group working at the Brook- 
haven AGS did indeed fnd a small violation of CPinvariance 
by carefulÌy measuring decavy modes in the decay of the K°. 
Ứp until their experiment it had been believed that the đecay 
curve for K” mesons would be exactly the same as the đecay 
curve of ° mesons. Now experiments show that these two 
decay curves should have some small diferences and that it 
should be possible in prineiple to distinguish a K° beam from 
a K° beam. So ñnally we have an efect with which to deter- 
mine our right hand. Now we ask the professor in a remote 
galaxy to build an AGS, produce what he thinks are K° 
mesons, and measure their decay curve. ])epending on which 
curve he obtains, we can tell him whether or not he and his 
AGS are built of antimatter. Át present intensive searches 
are underway to detect possible CP violations in other reac- 
tions and to test whether there 1s any CP violation m the 
electromagnetIc or the strong Interaction. 
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Ans. 8: One still ends up with the experimentally observed 
~ decay as shown in Flg. 16-12ö. 


16-7 Summary of the Conservation Laws 
ProhibrHons 


The basic conservation laws of physics are In a sense 
stronger than other “laws.” TThis 1s because anything that 
can happen does happen, unless 1t is forbidden by a conserva- 
tion law. We cannot tell how often something will happen 
from the conservation laws—although the relative strengths 
of the four basic Interactions are a good guideline. We recall 
that electromagnetic Interactions are about 10”? as probable 
as the strong interaction, and weak mteractions are about 
10-11 as probable as the strong interaction. The Important 
point is that any reaction or decay mode that you can think 
of wilÌ occur in nature provided 1t is not prohibited by any of 
the following conservation laws. 

Some of the followIing 13 conservatlon laws are stated as 
symmetry principles. However, in quantum mechanics ït is 
always possible to fnd a mathematically equivalent con- 
servatlon Ìaw corresponding to each symmetry princIple. 
The sudden and recent loss of conservation of parity and 
antiparticle symmetry serves as an additional warning to 
sclentists and philosophers that other sacred laws of physIcs 
may also not be correct. For example, one can never prove In 
a foolproof way that the law of conservatlon of energy 1s 
true. However, ï a single clear-cut violation of this law were 
ever found, this would be an absolute proof that the law of 
conservation of energy as now stated is incorrect. With this 
warning we list our final collection of conservation laws. For 
completeness, some of the laws not covered in the text are 
also listed. 


1. Conservation of total energy. Rest mass must be 
included. 

2. Conservation of total linear momentum. 

3. Conservation of total angular momentum. 

4. Conservatlon of charge. 

ö. Conservation o£ baryons. The nucleons and hyperons 
have baryon number +1. Their antiparticles have baryon 
number —1. This law says that the total baryon number 
must remam unchanged. 

6. Conservation of leptons. 'Phis law may be thought of 
as the lipht particle counterpart of the above law. The 
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Q.9: Are there any conservation laws whích apply to the 
weak interaction, but are violated by the strong interaction? 


leptons z¿ and e- have electron lepton number +1 and their 
antiparticles have lepton number — 1. According to thịs law 
the total electron lepton number must remain unchanged be- 
fore and after any Interaction. There is a corresbonding, but 
independent, law of conservation of muon leptons. 

7. Charge Independence (also called conservation of iso- 
topic spm). Thịs law holds only for the strong interactions. 
Because of the electromagnetic interactions its predictions 
are onÌy accurate to within about 14. Charge independence 
makes such predictions as that the proton-proton force 
should be the same as the proton-neutron force. 

8. Conservation of strangeness (associated produetion of 
strange particles). Thịis laws holds for all strong and electro- 
magnetic Iinterackions but not for the weak interactions. It is 
because of this law that hyperons and £ mesons decay sÌowÌy 
enough for us to see their tracks. 

9. Antiparticle symmetry. This law holds also for all 
strong and electromagnetic interactions but not for the weak 
1nteractions. 

10. Conservation of parity. Thịỉs law also holds for all 
strong and electromagnetic interactions but not for the weak 
interactlons. 

11. Overall antiparticle-parity symmetry (CP invarianee). 
Thị law says that 1ƒ all the particles in the mirror image of 
any experiment are changed to theïr corresponding antipar- 
ticles, this new experiment is also a legitimate experiment. 
Thịs law appears to hold for strong and electromagnetie ïn- 
teractions, but a small violation has been observed in the 
decay of the neutral X meson. 

12. CPT' mvariance. Overall antiparticle-parity-time re- 
versal symmetry. Thịs law says that ïf all the particles in the 
mirror Image of any experiment are changed to their corre- 
sponding antiparticles, and all velocities and rotations are 
reversed, the new experIiment so obtained is a legitimate ex- 
perment. Thịs law is believed to hold for all interactions. 

13. Tìme reversal invarlance. Thịs law says that If the 
velocities and rotations of all the particles of any experiment 
are reversed, this new experIment is also a legitimate experi- 
ment. It appears to hold for strong and electromagnetic ín- 
teractions, but must be slightly violated for the weak inter- 
actlon because CP is slightÌy violated and CPTT is not. 
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Ans. 9: No. 


16-8 Prohlems for the Future 
Onủy the beginning 


The use of the term “elementary”` begims to look ridiculous 
when we start talking of over 190 elementary particles. Ít 
might be reasonable to think m terms of Just four different 
kinds of particles: the photon, electron leptons, muon 
leptons, and hadrons. A hopeful prediction for the future 1s 
that there may be a reduction m the number of truÌy elemen- 
tary particles. The fact that all these elementary particles 
can transform into one another at wI]l (consistent with the 
conservation laws) ralses the hope that there might be one 
grand field of whiích these particles are different “quantum 
states.” Such a grand unifed theory would have to predict 
the masses of the existing ““elementary” particles. Also with 
such an ultimate theory we should be able to calculate the 
charge of the electron and all other physical constants. At 
present the physical constants such as e, e, Jh, 7, mp, ekc., are 
completely independent. In general, as we get closer to the 
ultimate truth we should be able to caleulate some oÝ these 
constants im terms of the others. For example, the binding 
energy of the hydrogen atom can now be calculated from e, 
h, and m„. Another example is that the recent theory of the 
universal Fermi interaction permits us to calculate the muon 
lifetime In terms of the neutron lifetime. 

The ultimate theorv should not only give us the way to 
calculate the charge of the electron (or strength of the elec- 
tromagnetic interaction), but it also should explamn the 
strong, weak, and gravitational interactions. The gravita- 
tional interaction 1s even much weaker than the weak inter- 
action. There have been unsuccessful attempts to explain 
øravity In terms of neutrinos. Perhaps someday gravity wIll 
be explained ím terms of other apparently unrelated phe- 
nomena. Other unsolved problems are the origin, size, and 
evolution of the universe. Is matter being created out of 
nothing2 Are there just as many galaxies made out of anti- 
matter as ordinary matter? 

Our understanding of the physical world has come a long 
way from the days of Aristotle when everything was ex- 
plained in terms of the four basic elements: Fire, Water, AIr, 
and Barth. We now have a thorough and satisfving explana- 
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tion of the structure of ordinary matter in terms of quantum 
electrodynamics. However, we are just scratching the surface 
in our attempt to understand what we believe to be truÌy 
fundamental, the multitude of elementary particles and their 
mteractions. 


Ford, K. W. Eiementary Pariicles, Blaisdell Publishing Company, 
New York. 

Frisch, D. H. and A.M. Thorndike, #iementary Parficies, D. Van 
Nostrand Company, Princeton, New Jersey. 

Feynman, R. P. Lecfures on Physies, Vol. I, Ch. 59, Addison Wesley, 
Heading, Mass. 

Swartz, C. H. The Fundamental Particles, Addison Wesley, Read- 
Ing, Mass. 


1. The =~ hyperon decays as follows: 
=“ + À0 


(a) What would be the decay produets of the anti-Z~ hyperon? 
(b) What is the charge of the anti-Z- hyperon? 


2. What is the antipartiele of the antineutron? 


3. What ¡is the halflife of the antimeutron? What are the decay 
products? 


4. In the mx— w decay z—> + ?„ is the total amount of mass 
nmediately after decay less than that before decay? (Remember 
that a moving partiele has more mass than when stationary.) 


5. The following decay modes are forbidden. Eor each đecay mode 
list the conservation laws that would be violated. 
A—=>nm†t+ 
K†—>›m*+m— +90 
ñV —== dp /# dL T7 
P—›N+e*+rp 
Me +e†++p 


6. What is the charge of the Š*? 


7. EFor each of the following reactions state whether or not ït is 
forbidden. Tf it is forbidden, state a conservation law thatis violated, 
(a) \°—P + m9 
th P1) P..ẽ ae 
((Ø) (M2122 qhịn, 
(d) P>Nx+e*+ 


(e) S? —.\0 + z† 
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Prob. 19 


| 


Spm direction 


8. The U23 alpha decay Is followed by two successive beta (e") 
decays. What is the Z and A of this great-granddaughter of U23 


9. A PuZ239 (Z2 = 94) nucleus alpha decays. The daughter nucleus 
beta decays (emits e~) into the granddaughter nucleus which also 
beta decays (ermnits e~). Then this great-granddaughter is bombarded 
by neutrons and absorbs 4 neutrons. What is the Z and A of the final 
product? 


10. Of the four kinds oŸ neutrinos (øạ, Zạ, z„, z„) which can give rise 
to the reaction 

(a) ?)+P¬N+e* 

(b) (?)+ N-›P+- 

(c) ?)+ N>P+er 


11. Assume that none of the annihilation products in Fig. 16-4 has 
further interactions, but that they all decay. Assume the charge 
plons decay mto muons, and then the muons decay. The fñnal 
product will all be e~, e*, ø, z, and photons. How many of each will 
there be? 


12. The image of a right-handed screw is projected onto a frosted 
glass screen and appears as a right-handed screw. When the screen 
1s viewed from the other side, is the image a right-handed or left- 
handed screw? 


13. An antiproton comes to rest and annihilates with a proton. They 
produce three pions of equal energy. What ¡s the kinetic energy In 
Mev of each pion? 


14. An “atom” of an electron bound to a positron can exIst for a 
short time (®10-5 sec) before the eventual annihilation. Such an 
atomfc system 1s called positronium. What is the charge conJugate 
OÝ positronium? 


lỗ. A right-handed screw 1s being screwed immto a threaded hole. As 
viewed from the hole, does 1t appear as a rIght-handed or left-handed 
Screw? 


16. In Fig. 16-11œ pretend the mirror is vertical at the right side 
rather than horizontal at the bottom. Draw a picture of the Image 
in this mirror. Is the u* ín the tmaage right-handed or left-handed? 


17. Ing~ capture by the proton the two can convert by the universal 
Fermi interaction to a neutron plus another particle. What 1s this 
other particle? (Ít must satisfy conservation of ]eptons.) 


18. Draw a sketch of what a bubble chamber picture of Ã— + P— 
Š- + z* would look like. Assume the K~ comes to rest and the >~ 
decays In flight. 


19. When Co 60 nuelei are lined up with thetr spins pointing up, 
more beta rays are observed in the down direction than the up. Draw 
the mirror Image of this. 

(a) When the mirror is horizontal, what is the spin direction of 
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the reflected Co$9? se the same convention for spm direction 
as shown In the fñgure. 

(b) When the mirror 1s vertical, what 1s the spin direction of the 
reflected o0? 

(e) In each of the above mirror mages state whether the elec- 
tron decay 1s parallel or antiparallel to the spin direction. 


20. Experimentally when the left-handed positive muons come to 
rest, their decay positrons come of predominantly in the backward 
direction. Consider the case of a positron coming of exactly back- 
wards and the z and 7 goïng exactly forward. Is the positron leÍt- 
handed or right-handed? 


21. In the decay z* —› w* + the neutrino energy eP pÌus the muon 
kinetic energy (P?/2M,) must be supplied by the mass difference. 
Find Pand the muon kinetic energy in Mev. 


22. What is the maximum electron energy in the decay #~ —>e~ + 
”+ P? Assume the eÌectron is so relativistic that 1ts momentum 
P= W/c. 
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TABLE I USEFUL 0NVERSI0NS 


1mm. = 20i6n 

1 mì = 1.61 km or 5280 ft 
1m = Q0.9/ In. 

1 mph = 44.7 cm/sec 

60 mph = 88 ft/sec 

1kg = 2.204 lb 

l1 newton = 105 dynes 

1 Joule = 107 ergs 

1calorle = 4.18 Joules 


1 coulomb = 3 x 109 statcoulombs 
1 statvolt = 300 volts 


lev = 1.6 x 10-!2ergs 
1 Mev = 1.6 x 105 ergs 
LLA = 108cm 


TABLE II S0ME PHYSICAL CONSTANTS 


G =3>x 10!92cm/sec speed of light 

e = 4.8 x 10~19 statcoulomb_ charge of the electron 

8 = 980 cm/sec2 acceleration due to gravity at earth”s surface 
G = 6.67 x 10-5 cm3/gm-sec2 gravitational constant 

h = 6.62 x 10-?? ergs-sec Planck's constant 

L2 = 1.38 x 10-18 ergs/°C Boltzmann constant 


mm = 9.11 x 10 ?3®gm_ mass of the electron 
AMp 1.67 x 10 ?:gm mass of the proton Äƒp/7m = 1837 
mc2 = 0.51 Mev rest energy of the electron 


ÄMipc? = 938 Mev rest energy of the proton 
For other masses see Fig. 16-8 


NW,_ =6.02x 10?3 Avogadro's number 


P,_— = 1.01 x 105dynes/cm? atmospheric pressure 
ý = 0°K = -273°C_ absolute zero 
Diameter of earth = 7918 mi 


Distance earth to moon = 240,000 mi 
Distance earth tosun = 93 million mi 


TABLE III 


Element 
Actinium 
Alumninum 
Americium 
Antimony 
Argon 


Arsenic 
Astatine 
Bariun 
Berkelium 
Beryllium 


Bismuth 
Boron 
Bromine 
Cadmium 
Calcium 


Californium 
Carbon 
Cerium 
Cesium 
Chlorine 


Chromium 
Cobalt 
Copper 
Curium 
]ysprosiun 
Einsteinium 
Erbium 
Europlum 
Fermium 
Fluorine 


Francium 
Gadolinium 
Gallium 
Germanium 
Gold 


Hafnium 
Helium 
Holmiumn 
Hydrogen 
Indium 


lodine 
Iridium 

lron 
Krypton 
Lanthanum 
Lawrencium 


Lead 

Lithium 
Lutetium 
Magnesiun 
Manganese 
Mendeleevium 


EššEF3 {E#7x~ T*zÿš 


Sym- 
bøi 


Ác 
AI 
Am 
šb 
^ 


As 
AI 
Ba 
BL 
Bv 


Bị 
B 
Rư 


ca 
Ca 
Cf 
c 
Ca 
Cs 
CỊ 
Cr 
Ca 
Cu 
Cm 
Dy 
2 
Er 
) 
Fm 
F 
tr 
Sa 
Gc 
G« 


Au 


THỂ ELEMENTS 


Atomic  Averoge 


tủm- gtomic 


26.99 
95 [243] 
5L 12179 
18 39.955 
33 74.93 
85 210 
ð6 137.40 
97 [249] 

4 9:015 
83 209.06 

5 — 10.82 
35 — 79.938 
48 112.444 
20 — 40.09 
98 [249] 

6 12014 
58 140.17 
55 132.95 
17 35.467 
24 — 52.02 
27 — 58.96 
29 63.56 
96 [245] 

66 16255 
99 [255] 
68 167.32 
63 1520 
100 [255] 

9 — 19.01 
87 223 
64 157.30 
3L 69.74 
32 7262 
79 — 197.1 
72 — 178.55 

2 4.004 
67 164.98 

1 1.0083 
49 — 114.85 
53 — 126.94 
77 199.2 
26 — 55.87 
36 — 83.82 
57 138.96 

103 [?] 
82 207.27 

3 6.942 
71 175.04 
12 2433 
25 — 5495 

10L [256] 


Element 


Mercury 
Molybdenum 
Neodymium 
Neon 
Neptuniun 


Nickel 
Niobium 
Nitrogen 
Nobeliun 
Osmium 


Oxygen 
Palladium 
Phosphorus 
Platinum 
Plutoniumn 


Polonium 
Potassium 
Praseodymium 
Promethium 
Protactinium 
Radium 
Radon 
Rheniunm 
Rhodium 
Rubidian 


Ruthenium 
Đamarium 
Scandiun 
Selenium 
Silicon 


Silver 
Sodium 
Strontium 
ulfur 
Tantalum 


Technetium 
'Tellurium 
Terbium 
"Thallium 
ThorIum 


Thulium 
Tin 
Titanium 
'Tungsten 
Uranium 


Vanadium 
Xenon 


Atomic Averoge 


num- 


glomic 
madss 


200.66 
95.98 
144.31 
20.188 
[237] 


58.73 
92.94 
14.012 
[253] 
190.3 


16.0044 
106.4 
30.983 
195.14 
[242] 


210 
39.111 
140.96 
[145] 
231 


226.11 
222 
186.27 
102.94 
85.50 


101.7 

150.39 
44.97 
78.98 
28.10 


107.909 
22.997 
87.65 
32.075 

181.00 


[99] 

127.64 
158.97 
204.45 
232.11 


168.99 
118.73 

47.91 
185.91 
238.13 


50.96 
181.34 
173.09 

88.94 

65.40 

91.24 
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TABLE IV PERI0DIC TABLE 0F THE ELEMENTS (after Longuet-Higgins) 
rMmmm 


87 88 lens 09 90 9T 92 93 9A 95 9ó 97 968 99 100 TÔI 102 103 104 
Fr Ra Ac Th Pa U Np Pu Am€Cm Bk C( E FPm Mv No lw ..................... 


r4 ĐI 9Ì 62 83 84 65 6ó 6d and 5S ——-.-=-—--.e.eeaae 


TÌ Pb Bị Po At Rn 
 =m==—=_- HH SẶẰẶTẰT=m.7Ì 72 73 74 75 7ó 77 709 79 60 
Lư Hf Ta W Re O:s tr Pt Au Hg 
55 5ố mmmmmeeeeeeer-`:.asssss=ẵẵẫễ=mm 57 50 59 6Ô óÌ 62 63 6A 65 66 67 68 69 70 
Cs Bo lo Ce Pr Nd Pm Š§m Eu Gd Tb Dy Ho Er Tm Yb 
HA 49 5O 5T 52 53 54 <———Át_-—- 
In Šn ŠSb Te ! Xe 
37 38 tem. se 39 4Ô 4l 42 43 44 45 4ó 47 48 
Rb $r Y,. 7: NbMo Tc Ru Rh Pd Ag Cd 
CA 3| 32 33 34 35 36 4d ——————> 
Ga Ge As ŠSe Br Kr 
19 20 ¡mm mXSmm¿2\ 22 23 24 25 26 27 28 29 30 
K Ca $%c Tí V Cr Mn Fe Co Ni Cụ Zn 
“TU 13 14 J5 1ó 17 16: 3d ———— =——— 
AI Sĩ P S Cl A 
11 12 P——— 


No. of elements 


Period 
in period 


bai 


No Mg 
5 ó 7 9 9 10 Orbital 
B CN O FNe quantum Letter 
2 $- 4 ————/])= Number | designotion 
.Lị Be 
2s 
l=. 
1Í 2 M.N,: 
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Chapter 1 


AB 
A+8B 


4. 1.67 x 108 


sL†+# 
l—ưø 


ý. 2) S⁄< IƑ #5, fÐ S< TH #8 
10. 6.65 x 10?! gm 


2. 


13, 
2s 


14. 1.66 x 10-?‡i gm 
16. x, 1. 


18. s=e J1 KI 
M 


20. (—M TP Uh), sn 5. 


29. 1.293, 4 sipnifcant ñgures. 


24. 1.75 m 


26. y—= —x 


29003 — 


tỤ = 


= 
l 
lề 
= 
e 


8. The highest poïnt. 
10. 32 ft/sec, 16 ft. 
12. 204 sec. 


14.HB—A,X_— Y. 

16. 2 mi/sec, 330 sec. 

18. 121 ft. 

20. 181.8 sec, 5810 ft/sec. 

22. œ = 388 Ít/sec? — 12.1g 

24. (ơ) 4 hr, (b) 4.27 hr, (c) 4.13 hr. 


26. 2.15 x 103 m/sec after 1 yr 2.985 x 108 m/sec (u/c = 0.995) 
after 10 yr. 


28. It has an acceleration of g which is about 602 times that of 
the previous question. 


30. (c) 20 ft/sec, (ở) 20 ft. 
32. 0U:1. 
34. ‡ 


Chapter 3 
2. Take any object from the pocket and throw it out. 
4. gm/sec2, 


6. Newtons third law only requires that the force of the plow 
agaInst the ground equal the force of the ground on the plow. 
The force pulling the plow can be diferent from this. 

8. (z) 5.86 newtons, (ð) 7.07 newtons, 4.71 newtons. 


F F 
10. (ø) Zero, (b) n (e) Si: (3. 


12. 2.36 x 1083 em/sec, 7.51 x 1015 revolutions/sec. 

14. ø = 333 cm/sec2. Tension in string between cars is 3.33 x 103 
dynes. Tension in string pulled by child 1s 1.41 x 101 dynes. 
Force of foor on 20 gm car is 1.96 x 101 dynes, 

16. 19,600 dynes, 29,400 dynes, 14,700 dynes. 

18. 4z/sec. 

20. T¡ = 2.4 n(, 7¿ = 2 nt, 7 — 1.2 nt. The inner string will 
break first. 

22. When #' = 200 nt, #;¿:t = 100 ntin the horizontal direction. 
When #' = 800 nt, #;¿(¿ — 500 nt. 

24. (g)(T\ — Mig), (Mg — Ta); (b) zero, Tì = Mg; (c) Tì = M>ag; 

Äñạ — Mạ 


7=. 
>=.nẽn 
Chanter 4 
2, No. No. Yes. 


4. (đ) Inereased, (ð) imcrease, (c) remain the sarme. 


6. The same as now. 
8. 881Int. 588nt. Zero. 
10. 1765 nt. 
12. 9.9% 
14. (z) 468 mm, (b) ‡#, (C) xeưoế: 
16. 23,700 mi from the moon. 
18. The acceleration due to gravity at a height of 100 mi is 0.952g. 
20. See p. 80. 


Mym mu2 
22. (ad) tr n)P (b) jmn {c) same as (ơ) or (ð), 


_ /GMp- 
(đ)u= ID 


24. Force of the earth = 272 dynes. Force of the sun = 599 dynes. 


(e) mcrease. 


Chapter 5 
2. Conservation of heavy particles. 
4. To the earth. 
6. 66.7 cm 
8. 1.8 kg cm2/sec2 
10. 0mạy — 6.26 m/Sec, đmạy = 4Ø. 
12. (ơ) 4.9 x 105 ergs. (b) 7.0 x 105 ergs. (c) 200 cm/sec. 


14. (a) = (b) - 


16. 408 nt. 


18. 6.23 x 105 ergs of KE were lost and converted imto heating up 
the bullet and the wood. 


20. Tnitial KE = 284 joules. Fmal KE = 10,220 joules. The student 
địd work mm pullng the dumbbells toward him. The KE of the 
system was increased by this amount of work. 


22. (ø) 500 nt, (b) 0.5 m/sec2, (e) 196 m, 
24. 1.99 m 
26. The other fission product is Rb95 (37 protons and 58 neutrons). 


28. (a) Mgh, (b) v&ñ, (c) ÉP. 


Chapter 6 
2. (ơ) 546°C, (ð) 3.12 x 105 cm/sec. 
4. 39gm 
6. No. 
8. (z) 0.4 nt, (ð) 0.4 em. 
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10. (ø) 3 gm/cm3, (b) 3.06 x 101 em3. 

12. 0.1 em 
14. Helium 
16. (z) 2 x 105 nt/m2, (b) 6.7 x 101 nt. 
18. (ø) 2.18 »x 108 dynes/cm”, (b) 12 meters. 
20. 3.54 x 103 molecules/cm3 
2N = 1Ã D= CHỦ 

kT kT 
24. 600°K or 327°C 
1; 1 

26. (œ) One, (b) T7 = 5 
Chapter 7 

2. (z) —36 dynes. (b) 200. 

A. (b) 20 

6. 50 dynes 

8. (a) + 56.6 statvolts. (b) Zero. (e) Zero. 
10. (ø) 1.6 x 10-5 erg. () Positive. (c) 1.44 x 1013 em. 
12. Negative, positlve. 
14. (ø) 1.02 x 107 dynes. (b) 1.535 x 10~5 ergs. 
16. 1.24 x 1035 

18. 40 statvolts 
20. 1.6 x 108 ergs 

22, (ơ) —1.29 x 108 stateoul. (b) 2.58 x 103 dynes/stateoul. 
24. (œ) 3 ergs. (b) Zero. (c) —4 ergs. (dở) —] erg. 
28. (a) 3Mo. (b) 3ø. (e) 3g. 
30. € = C¡ + C; 

cái l0 GIÀN ni 

r Ƒ 
34. V _ 
r? — (L7/4) 
ze? 4m mRŠ 

36. (ø) — E¬ (b) A.= Vưng (2) 7t a ?àu H5 
Chapter 8 

2. (ơ) Zero. (ở) 0.2 gauss. 

4. emf — 10-s S5 

À/ 
6. 0.3z statvolts 


. (ø) Parabola; () up, c. (3) = 
m 


. 0.6 gauss 


m(d — 


. (ơ) 0.4 gauss. (b) Zero. 
. (ø) “2”. (b) Zero. 
cr 


.„ (ơ) .. of a second. (ð) 0.8 statvolts. (c) 0.08 statvolts. 


240 


. (ơ) 5.35 x 10728 gm. (b) 59 times the rest mass. 
b. 4021724 111 
. (ơ) 7.95 »x 107 statamps/cm. (ð) 1.67 x 10-7 gauss. 


Chapter 3 


2. 
‹ 222 m; 19,600 
. 18,000 volts 


18. 
20. 


œ Ø 


The light bulb. 


216 
R 


3 


. (ø) 3 volts. (b) 6 volts. 


„ _It will be a sinewave with the negative halves clipped oẾ. 


R;Ra 
X=—— 
Rị 
(œ) 240 cm. (bö) 13,900 gauss. 
BD 


"jj=- 
2uc 


Chapter 10 


3. 
„ One-half wavelength. 

. 1048 cps. 

‹ Not at any time. 

. (g) Dị — Dạ = (N + 1À. (b) Dị — Ðạ = (N + ĐÀ 
. 4600 A 

? nh? hn. 


(a) 6. (b) 2‡. (c) ‡ vibration per sec. 


b. ¿An — J0 = “ta max; Dị — Ö;¿ = ‡(N + })À for mm. 


. (b) Yes. (c) Yes. 
‹ At the same spot. 


. The image would be erect and larger than the object. 
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2 nã. 
mi 


28. 30 cm 
30. (a) đ cos 0. (b) đ cos Ø — NÀ. 
Chapter 11 
2. New matter is continuously formed to replace the matter that 


1s drifting away. 


4. Away. 


6. Slower. 


8. 35 micrograms. 


10. 
12. 
14. 
16. 
18. 


20. 
22. 


24. 


(œ) 117 Mev. (ö) 147 Mev. 
Three to one. 

0.75 c. 

1,275, 


(z) 825 Mev. (b) 8.81 x 10-?5 gm. (c) 0 = 0.8c. (đ) 1.67. 
(e) 1.67 » 10-3 sec. 


0.235 of a fringe shift. 
(z) 625 cm. (ð)  Bred before A4. (c) 400 em. 
1 — (0/c) 1 + (0/©) 


` m V1 — (02/cÊ) 1 — (02/c?) 


ƒ. (b) ƒ = 


Chapter 12 


2} 
4A. 
. 3 x< 10-5 gm cm/sec, 2.21 x 10-22 cm. 


0.0124 A. 
hƒ 


- The electron. 

. Ào = 2880 A. 

. Đ.16 photons/sec. 

‹ (œ) 167 counts/sec. (b) 26.7 counts/sec. 

"“... 

. (œ) 1.06 x 10-15 gm cm/sec. (b) 6.l5 x 10-5 erg or 3.84 ev. 


(c) 5 >% 10”3 cm. (ở) 1.32 x 1019 gm cm/sec. 
(e) 6.25 x 10 cm. 


20. (œ) hƒ = mù — GIẾT (b) hƒ = } mu? + hƒ". 
€ 
Chapter 13 
2. 0.265 x 108cm. 


4. 


2 x 10-3 cm, 10-8 cm, $ x 10-3 cm. 


6. (ơ) 13.6 ev. (b) —27.2 ev. 
§. 10 
10. 14 
12. 0.82 ev. 
14. 5ƒ — 126(I = m) The wavelengths are those of the Lyman 
series. 
16. (ø) 54.4 ev. (b) 24.6 ev. 
18. (øơ) —9ev. (b) 1 ev, 2 ev, 3 ev. 
50. (0) 00C ao an... 
l2 2m 
2mQ2dœ2 
java 
4z2Qq h2N2 
22. (œ) 2.82 x 103 ev. (ö) 2.57 x 1011 em. (c) 2.11 x 103 ev. 
24. (œ) —3.2 ev. (b) 1.2, 1.8, 2.2, 6.1, and 0.4 ev. 
2 MMm Mm Mm 
30. (0) =5 l0)12—— (0) Cô Ji 
nạn TỦ So ga 
h h2 
mu = N-——. R=——_=I2xI0°'em. 
Vi UP 2m Ứ) 4z?m2GM s l 


Chapter 14 


2. 
4. 
6. 


20. 


Decrease 
40 min. 


2.62 x 1022 conduction electrons per gm of sodium. 
3.3 x 1018 conduction electrons per gm for the germanium 
sample. 


¬"›.-. 
. 10.3 x 101 cai. 


„ 9.12 x< 10-11 cm. 
„ (Ø) 3 volts. (ö) negative. 
‹- ao = 7.05 ev. 
h h h 
© .= ¬= )2 = AC NI 
(6) EDm epvs oy Phim AE AM 2p. $ 2T, 
h2 
(6) KH=———-(N,? + N,„? + N?). 
8mL2 
N,h h h 
P===-.HBE NI. b_.\A, 
sẽ 777828B. 0010777 3T, 
h2/N?2 N2 N2? 
b) KER = 5 Sài s T3) 
°, 8m \L„? Ki 1? số L;2 
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0hapter 15 


2. 
4. 


},‡. 
1 min. 
1 


ị ( Ề. 3) = 63.2%, ( 5 5) = 86.5%. 
e e2 


"707. 

, 15.8 mI. 

. (ø) 190/128 Mev. (b) 16 Mev. 

N1 393 x 10°. 

. (ø) 32 Mev. (b) 2 Mev. (e) —40 Mev. (ở) 8 Mev. (e) 10”5 sec. 


(ƒ) 7 Mev. (g) Greater. (b) 8 Mev. 


Chapter 16 


2. 
4. 


"The neutron. 
No. 


- Negative. 
. U234 (Z = 92, A= 234). 


b (G0) 00 (2) f0), (Œ)) Ú}; 


Left-handed. 


Positronium also. 


- Right-handed. 
„ Right-handed positron. 
„ 0đ Mev, 
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A-bomb, 409 

Absolute temperature, 132-134 

Absolute zero, 132 

Acceleratlon, 23, 26-32, 286-289 
Atwood”s machine, 63 
centripetal, 39-41, 44 
inclined plane, 62, 63 
Instantaneous, 26 

Acceleration due to gravity, 28, 41, 73 

Accelerators, 226-233 

Acceptors, 370, 371 

Alpha decay, 377-379, 389, 392 

AlIvarez, L. W., 141 

Ammeter, 202 

Ampere, 182 

Ampere”s law, 195-199 

Amperian current, 203 

Amplifler, 224, 225 

Andromeda Nebula, 289, 290 

Angular momentum, 94-98 

Angular momentum of atomie electrons, 

327-328, 337 

Annihation, 430, 432 

Antenna, 238 

Antimatter, 430~434 

Antiparticle symmetry, 434, 448-449 

Antiproton, 430-434 

Archimedes' principle, 125 

Aristotle, 51, 452 

Assoclated production, 440 

Atmospherie pressure, 124 

Atomie number, 126, 352 

Atomic radius, 350, 353-354 

Atomic shells, 340-341, 343 

Atomfc size, 338 

Atomrc spectra, 253, 324 

Atomtie structure, 150 

Atomic weight, 136 

Atoms, 126, 127 

Atwood”s machine, 63 

Average, defnitlon of, 23 
velocitv, 23-25 
weighted, 23 

Avogadro”s law, 135, 136 

Avogadro's number, 136 
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Balmer, J., 335 
Barometer, 124-125 
Barrier penetration, 375-379 
Baryons, 437-445 
Beryllium, 346 
Beta decay, 283, 425-429 
Bevatron, 231, 284, 431 
“Big-bang” theory, 292 
Binding, covalent, 361 
1onie, 360 
metallic, 364, 365 
molecular, 360-363 
Bmding energy, 171-172, 325-327, 344 
nuclear, 387, 388 
of deuteron, 403, 404 
Bimmomial theorem, 282 
Biological effects of radiation, 396, 398- 
388B) 
Black-body radiation, 303 
Bohr, N., 340 
Bohr atoms, 339-340, 342-343 
Bohr model, 150, 156, 172, 183, 336-340 
Bolling, 140-141 
Boltzmamn constant, 132 
Boyle's law, 127-128 
Brookhaven AGS, 401, 435, 449 
Brookhaven National Laboratory, 141, 
231-232 
Bubble chamber, 141 


Calorle, 137 

Cambridge Electron Accelerator, 280 
Capacitance, 174-175 

Capacitor, 167-168, 174-175 

Carbon, 361-363 

Carbon-14, 429 

Cavendish experiment, 74 
Center-of-mass, 96-98 

Centigrade scale, 132 

Centrifugal force, 40, 81-82 
Centripetal acceleration, 39-41, 44, 72, 82 
CERN, 231 

Chaïn reaction, 409 

Changes of state, 139-140 

Charge, 151-158 

Charge conjugation, 434 

Charge distribution of the nucleus, 418 
Charge independence, 451 


Chemistry, 343, 351 
Circuit theory, 220-223 
Circular motion, 39, 227 
Crrcular velocity, 42, 110-111 
Classical physics, 302 
Clock paradox, 274-276 
Clocks, 272-273 
Compound motion, 32-33 
Conduction, electric, 182-183 
Conduction band, 369 Ẹ 
Conduction electrons, 182-184, 219-220, 
365 

Conductivity; 367~368 
Conduetor, 166 
Conservation, of charge, 153 

of energy, 108-105 

heavy partieles, 115-116 

of leptons, 434-436 

of momentum, 52-58 

of purity, 446-449 
Conservation laws, 94, 153, 450-451 
Conservative forces, 103, 105 
Contact force, 60-62 
Contact potential, 366-367 
Copernicus, 75 
Core of the proton, 401 
Cornell synchrotrons, 230-281, 280 
Cosmic rays, 412-415 
Cosmology, 51, 289-298 
Coulomb, 218 
Coulomb force, 418 
Coulomb”s law, 151, 154-157, 176, 185- 

186 

Covalent binding, 361 
CP mvariance, 449 
Crab Nebula, 413-414 
Cross section, 417 
Crystal diffraction, 312 
Crystals, 363 
Current, 182-184 
Current elements, 184-185 
Curvature, 353 
Cyclotron, 227 
Cylinder, charged, 166 


Davisson and Germer, 311-312 
DeBroglie, Louis, 307-308 
Degrees of freedom, 138 


Democritus, 126 

Density, 122-125 

IDerivative, 23 

Detector, 224 

Determinism, 316 

Deuterium, 410-412 

Deuteron, 403-404 

Diatomie molecules, 138 
Dielectric, 168 

Difraction grating, 251, 253 
Diffraction scattering, 399-401 
Dimensional analysis, 5 

Diode, 224, 370 

Dipole, electric, 159 
Displacement current, 208, 211-212 
IDomains, magnetic, 204 

Donor, 370-371 

Doppler shift, 291 

Double slit experiment, 306-307 
Double slit interference, 248-251 
Drift velocity, 183, 187, 219-220 
Dulong and Petit, law of, 140 
Dynamics, 50 


Early Brrd satellite, 77 

Earth satellites, 41-43 

Effective charge, 344 

Eñight-fold way, 443 

EBinstein, Albert, 2, 27, 87, 265, 270, 281, 
285, 304, 396-397 

Einstein addition of velocities, 2-3, 276- 
278 

Einstein mass-energy relation, 10 

Elastic scattering, 53-54, 58 

Electric charge, 151-158 

Electric dipole, 159 

Electric feld, 158-168, 238-239 

Electric generator, 204-205 

Electric motor, 202 

Electric potential, 173-175 

Electrie potential energy, 168-174 

Electrification, 152 

Electrodynamies, classical, 154 

quantum, 154 

Electrolysis, 194 

Electromagnetlc force, 60, 72, 188-189 

Electromagnetic induction, 182 

Electromagnetic Interaction, 150 
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Electromagnetic radlatlon, 224, 238-241 
Electromagnetic spectrum, 239-241 
Electromotive force, 204-205 
Electron, 150-153 
Electron affinity, 347 
Electron charge density, 361 
Electron clouds, 60, 327-332, 345 
Electron difraction, 3, 306-312 
Electron hole, 370 
Electron orbits, 343 
Electron scattering, 327, 418-419 
Electron volt, 225-226 
Electron waves in a box, 322-326 
Jjlectroscope, 175 
Electrostatic force, 151 
Electrostatics, 150-180 
Elementary particles, 424-453 
Elements, 126 
Elevator, 83-85 
Ellipse, 43, 75 
lEnergy, 100-116 

gravitational, 102, 107-111 

heat, 105, 111-114 

kinetic, 101-102 

levels, 323-327 

of formation, 360 

potential, 102-114 

relativistic, 281-284 
Entropy, 144 
EBqual areas, law of, 81 
Equllibrium, 99 
Equipartition of energy, 138 
Erg, 100 
Escape velocity, 30 
Ether, 226-270 
Exelusion principle, 341, 343, 405 
Explorer l, 42 
Explosion, 53 
Exponential decay, 393-394 
Exponents, 8-12 


Fahrenheit scale, 132 

Falling bodies, 28-29 

Faraday, Michael, 206 

Faradays law, 204-208 

Fermi, Enrico, 395-397, 409, 412-413, 
426-427, 443 

Fermi energy, 379-380 


Fermi gas, 365 
Fermi level, 365, 370-372, 405-406 
Eerromagnetism, 203 
Feynman, R., 426 
Field, electrie, 158-168 
magnetic, 188-203 
Eield lon microscope, 127-128 
First law of thermodynamics, 144 
Eission, 387-389, 395-396, 407-409 
Fitzgerald-Lorentz contraction, 269 
Fluctuations, 141-142 
Flux, electric, 163 
Focus, 254-258 
Force, 50-51, 58-64, 72 
Franklin, BenJammn, 152 
Free electrons, 365 
Free will, 316 
Frequenecy, 67-68, 239 
Eriction, III1 
Pusion, 387-388, 410-412 


Galileo, G., 26, 33, 37, 51, 66, 75, 264-265 


Gamma emission, 389-391, 394 
Gamma rays, 241 

Gas thermometer, 131 

Gases, 127, 129-140 

Gauss, 189 

Gauss's law, 162 

General relativity, 87-89, 284-289 
Generator, electric, 204-205 
Geometrical optics, 254-258 
Geometry, 14-l5 

Germanium, 369-370 

Glaser, D. A., 141 

Graph reading, 15-16 
Gravitatlon, 72-89 

Gravitation, law of, 73 
Gravitational acceleration, 28, 41 
Gravitational force, 107-108, 151 
Gravitational mass, 86-89 
Gravitational potential energy, 107-109 
Gravity, 284-285 


Hadrons, 436-445 
Halflife, 274, 393-394 
H-bomb, 292, 411 

Heat, 137-139 

Heat energy, 105, 111-114 


Heavy nuelel, 405-409 

Heavy particles, 115-116 

Heisenberg uncertainty prineciple, 313- 
316 

Helium, 344 

liquid, 373-374 

Hertz, H., 209 

Hertz (unit), 239 

Hooke”s law, 65, 106 

Hybridization, 362-363 

Hydrogen atom, 86, 156, 171-172, 324- 
340 

Hydrogen molecule, 67-68, 361 

Hydrogen wave functlons, 328 

Hydrogen-like spectra, 339-340 

Hydrostatics, 123-125 

Hyperons, 440-443 


ICBM, 37-39 

Ideal gas law, 127, 129-133 
Image, 255-258 

Inclined plane, 62-63 

Index of refraction, 256 
Induction, eleetrostatie, 157-158 


Inertial frame of reference, 51, 88-89, 287 


Inertial mass, 50-51, 86-87, 288 
Infrared radiation, 68, 240 
Inorganic compounds, 360 
Instantaneous acceleration, 26 
Instantaneous velocity, 23 
Intensity, 251 

Interference, wave, 241-253 
Interferometer, 268-269 
Internal reflection, 377 

lonie binding, 360-361 
lonization energy, 344 
lonization potential, 344-346 
lrreversible processes, 143-144 
Isotopic spin, 451 


Joule, 100 
Jupiter, 80 


Kelvin scale, 132 

Keplers laws, 75-8] 

EKinematics, 22 

EKinetic energy, 101~102, 282-283 
of electrons in a metal, 366 
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Kinetic theory of heat, 137-139 
EK-meson, 437, 439-442 
K-meson decay, 447, 449 


Lambda particle, 440-443 
Lasers, 374-375 
Latent heat, 140 
Lawrence, b. Ó., 228 
Lawrence Radiation Laboratory, I4I 
Lee and Yang, 447~448 
Length, 5 
Lens, 254-258 
Leptons, 434-436 
Life, 273 
Light, 150, 176, 182, 208, 211, 240, 248- 
258 

mass of, 284 

speed of, 26, 156-157 
Light clocks, 272-273 
Lines of force, 159~167 
Liquids, 139 
Lithium, 150, 345, 364-365 
Lorentz, H. A., 270 
Lorentz contraction, 186, 269-272 
Lorentz transformation, 270-271, 293- 

294 

Los Alamos, 428 


Mach, E., 287 

Mach”s principle, 286-289 

Magic numbers, 407 

Magnetic field, 188-203 

Magnetic fux, 198 

Magnetic force, 176, 182, 185-195 

Magnetic poles, 189 

Magnetism, 200-204 

Magnetostatics, 202 

Mars, 75, 77-78 

Mass, 7, 50-56, 82, 287-289 
defnition, 54 
gravitatlonal, 86-89 
Inertial, 50-51, 54, 86-87 
relativistic, 54-55, 279-284 
rest, 55 

Mass-energy, 114-116 

Maxwell, C., 211, 256 

Maxwells equatlons, 207-209, 265 

Mean free path, 367 


Meanlife, 392-394 

Mechanical equivalent of heat, 111, 137 
Mechanics, relativistic, 279-284 
Mercury, 286 

Megacycle, 239 

Melting, 364 

Mesons, 437-445 

Metals, 364-369 

Methane, 361-362 

Metric system, 5, 7 , 
Michelson and Morley, 266, 268 
Microscope, 255 

Microwaves, 240, 246 

Mirror immage, 446 

Mirrors, 254-256 

Mole, 135-136 

Molecular binding, 360-363 
Molecules, 126-127 
Momentum, 52-58, 279-280 
Mossbauer effect, 274, 286 
Motor, electric, 202 

Muller, E. W., 127-128 

Muon, 434-436, 439 

Mutations, 399 


Neutrino, 277, 426-429 

Neutron, 86, 115-116, 394-395, 405, 417, 
425-426 

Neutron decay, 277, 283 

Newton, Isaac, 8, 42, 58-59, 72-73, 76, 
160 

Newton”s laws of motion, 50-52, 56, 61— 
62 

Newton”s thírd law, 191 

Nodes, 244-248 

Nuclear cross section, 417 

Nuclear density, 387 

Nuclear emulsion, 438 

Nuclear energy, 116, 408-412 

Nuclear energy levels, 405-407 

Nuclear force, 72 

Nuclear fission, 407-409 

Nuclear fusion, 410-412 

Nuclear physics,:386-419 

Nuclear radius, 417-419 

Nuclear reactor, 10 

Nuclear shell model, 407 

Nuclear size, 386-387, 399-401, 417-419 


Nuclear structure, 386, 403-407 

Nuclear weapons, 397, 399, 409-411, 415 
Nucleon, 386 

Nucleon-nucleon force 386, 402-406 


Ockham's razor, 8 

Oersted, H. Œ., 200 

Ohm's law, 218-223, 367 

Optical pumping, 375 

Orbital angular momentum, 327-328 
Organic chemistry, 362-363 

Organic molecules, 361 

Oscillation, 66 

Outer electrons, 349 


Païr production, 430-431 

Parabola, 33 

Parity, 145, 193-194, 446-449 

Particle physics, 424-453 

Particle waves, 306-316 

Pauli, W., 427 

Pauli exclusion principle, 341, 361, 405 

Pendulum, 64-65, 87-88, 104 

Period, 44, 227 

Period of oscillation, 238-239 

Perlodic table of the elements, 343-352, 
459 

Perpetual motion of the second kind, 143 

Photoconductivity, 372 

Photoelectric efect, 303-305 

Photon emission, 323-324 

Pion, 274, 437-445 

đecay, 447-449 

Planck, Max, 308-304 

Planek”s eonstant, 300, 304, 311 

Plutonium, 389, 408-409 

p-n junction, 370-373 

Politics, 415-417 

Positron, 430, 434 

Potential, electrie, 173-175 

Potential diagrams, 105-107, 171, 325- 
327, 402, 404-405 

Potential energy, 102-114 

electric, 168-174 

Potential well, 325-326, 364, 366 

Pound, 82 

Power, electrical, 228 

Pressure, 122-125, 127-130 
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Principle of equivalence, 87-88, 285 
Principle of relativity, 264-265 
Principle of superposition, 242 
Probability, 391 

Projectile motion, 32-33, 36-39 
Protein molecules, 363 

Proton, 115-116 

Proton scattermg, 53, 401 


Quantum electrodynamics, 437 
Quantum jumps, 323 

Quantum mechanical barrier, 375-379 
Quantum mechanics, 151, 300-317 
Quantum numbers, 328, 333 

Quark, 424, 445 

Quasars, 291 


Rad, 398 

Radiation, electromagnetlic, 208-211 
Radio, 224-225, 240 

Radioactive decay, 377, 391-396 
Radioactivity, 175 

Radioisotopes, 394-396 

Radius of hydrogen atom, 338-339 
Range of nuclear force, 437-438 
Rays, light, 254-259 

Red shift, 286, 291 

Re-entry of satellite, 114 
Reference circle, 66-67 

Reflection, law of, 254-255 
Refraction, 255-258 

Relativistic acceleration, 27 
Relativity, 26-27, 51, 186-188, 264-286 
Resistance, 219-223, 367 
Resonances, 443-445 

Rest energy, 281-284 

Rest mass, 55, 115-116, 281-284 
Right-hand rules, 191-193 

Rigid bodies, 97-100 

Rocket propulsion, 56-57 
Roentgen, 398 

Rotating frame of reference, 40 
Rotation, 94-96 

Rutherford, E., 300-302 


Satellites, 41-43, 72 
Scaling laws, 14 
Scatterimg of alpha particles, 300-302 


Scattering of electrons, 418-419 

Schroedinger's equation, 325, 352-353, 
376 

Sciama, D., 276, 287 

Scienece, social implications, 16 

Second law of thermodynamics, 144 

Semiconductors, 369 

Shell model of the nucleus, 407 

Shell structure of atoms, 349 

Short cireuit, 222 

Significant fñigures, 12-13 

Simple harmonic motion (SHM), 64-68, 
106, 138, 251 

Simultaneity, 270, 278-279 

Simultaneous equations, 11 

Sine waves, 242-248 

Size of atoms, 338 

Snell's law, 256 

Social responsibility of sclentists, 415-417 

Sodium chloride, 363-364 

Solar battery, 373 

Solar system, 78-79 

Solenoird, feld of, 197-198 

Solids, 139, 363-365 

Solid state physies, 363 

Sound waves, 246-248 

Space, 270 

Space travel, 79 

Special relativity, 284 

Specific heat, 137-139 

Spectrograph, 253 

Spectrum, 240, 253 

Spectrum, hydrogen, 333-335 

Speed, 22 

Specd of light, 208 

Sphere, charged, 163-166 

Spin, 425, 427 

Spin of the electron, 341, 343 

Spin-orbit interaction, 407 

Spontaneous emission, 374 

sp-orbital, 362 

Spring, 65, 105-106 

Spring constant, 106 

Sputnik I, 41 

Square well, 325-326, 403-405 

Standing waves, 322, 325-327 

Standing waves in a box, 322-323 

Statamp, 182 


Statcoulomb, 155 
Statics, 98-100 
Statistical mechanics, 141 
Statistics, 142 
Statvolt, 173 
“Steady-state”” theory of cosmology, 292 
Stellar energy, 411-412 
Stimulated emission, 374 
Strange particles, 440-443 
Strangeness, 442 
String, tension, 63 

vibrating, 241-245 
Strong interaction, 402, 436-445 
Structure of matter, 360-380 
Superconductivity, 368 
Superfuidity, 373-374 
Supernova, 413-414 
Surface waves, 246-248 
Symmetry prineiples, 144-145 
Synchrocyclotron, 227-228 


Table of elementary particles, 445 

Table of elements, 458 

Table of physical constants, 457 

'Telescope, 255 

Television, 225-226 

Temperature, 131-134 
thermonuclear, 410 

Thermal energy, 366 

'Thermail equilibrram, 133 

Thermionic emission, 375-376 

"Thermometer, 131 

"Thermonuclear energy, 411 

'Thm lens formula, 257-258 

Thompson, G. P., 312 

"Time, 6, 143-144, 270, 273 

Time đilation, 272-276 

"Time reversal, 144, 145 

Torque, 99-100 

Transformer, 206 

Transistors, 372 

“Tritium, 429 

win paradox, 274-276 


Ultraviolet, 240-241 
Unecertamty principle, 313-316, 425 
Units, 5-7, 13, 43 

electrical, 218 
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Universal Fermi interaction, 426, 452 
Universe, 288-293 
Uramium, 377, 408-409 


Valence, 343, 347 
Van de Graaff generator, 158 
Vapor pressure, 140-141 
Vectors, 33-36 
VelocIty, 22-25 
average, 23 
circular, 42 
constant, 22 
Instantaneous, 22 
of escape, 109-111 
of light, 256, 265-270 


Vibrating string, 241-245 
Vibrational energy, 138 
Virtual quanta, 437-438 
Viscosity, 374 

Volt, 173 


Watt, 218, 223 
Wave function, 309, 322 
Wave nature of particles, 306-316 
Wave packet, 313-316 
Wave-particle duality, 306-309 
Wave theory, 238-253 
Wavelength, 238-239 
of a photon, 304 
Weak mteraction, 411, 425-429, 434-435 


W©eight, 82-86, 285 
W©eightlessness, 82-85, 88 
WIre, charged, 167 
Work, 101 

Work function, 305, 366 
Wu, €. S., 448 


%X-rays, 241, 351-352 


Young, T., 248-249 
Yukawa, H., 437, 439 


Zero point energy, 132, 323 
Zeroth law of thermodynamics, 133-134 
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